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ABSTRACT

The DC power distribution systems have been drawing significant attention and have shown
the potential to compete with conventional AC systems. DC microgrids (DCuGs) are based on
direct current technologies and consist of distributed energy resources (DER) and loads
operating in a controllable and synchronized way either in a grid-connected or islanded manner.
Most energy sources such as solar photovoltaic (PV), fuel cell, and battery energy system are
generating DC in nature. Nowadays, DC operated electronic loads are developing that

eliminates further power conversion stages, reducing costs and losses.

Furthermore, DCUG is more preferred than its AC counterpart because of its benefit, like; the
direct connection of DC loads with renewables generating DC natively, more comfortable
control system compared to AC counterparts, higher reliability, and efficiency. Power
electronic converter plays a vital role in the efficient energy conversion system and integration
of the DER units for excellent performance and efficiency of the power network. It can also be

used to regulate the power flow between the source and the load subsystem.

However, the generation output disturbance of DGs, sudden load changes, and impedance
mismatch among the source and load converters subsystem cause the stability problem of the
DC microgrid. The hybrid DCuG with multiple DG sources and ESSes have varying
characteristics and fluctuating voltage levels due to the changing of the wind speed and solar
irradiation. The micro sources are linked in parallel to the central DC grid system through
power converters. The DCuUG has typical interconnected distributed power topologies in which
the power converter interconnect between the portions of the policy with various voltages
levels. In such structures, instability in the system occurs due to the tight control of load side
converters that act as constant power loads (CPLSs) in which its small-signal model contains
negative input resistance. This negative incremental impedance causes the system poorly
damped and can cause unstable poles in the frequency domain and worsen the system stability.
The intermittent character of the input renewable energy sources and the continually changing
power consumption are the variables that challenge the DCuG power management and hence,
DC bus stability.

The decentralized control scheme is proposed to manage the integrated system for proper and
stable operation with the multiple sources interfaced in parallel to the primary DC grid using a

single topology of the DC microgrid. Each source converters are controlled autonomously and



interconnected in a harmonized way to the point of a typical DC bus grid for reliable and
flexible operations. The decentralized control method realizes the different operating modes
using the DC bus voltage signal (DBS) control. This control method is a combination of
voltage droop control and voltage level signaling. Voltage level signaling is a method that
allows multiple source operations programmed in a prioritized manner. The dominant source is
used to regulate the intermediate DC voltage. The control methodology offers an autonomously
controlled service of each terminal without communication. MPPT and CVC (Constant VVoltage
Control) schemes are used in the DG's interface converter control to regulate power and voltage
fluctuations due to changing input conditions.

Furthermore, the control strategy used the DC bus voltage as a control parameter. Each power
source converters are prompted by monitoring the change of DC bus voltage to keep the DCuG
power balance. Accordingly, system reliability and flexibility operation is maintained. A
DCuG composed of wind, solar, BESS with and without grid-connection that enable flexible

and reliable performance proposed in this thesis.

The control method uses the DC bus voltage level as a communication signal, and the self-
controlled scheme implemented at each terminal without communication. The developed
DCuG decentralized control method is simulated in real-time simulations with software
control-in-the-loop (CIL) to verify the controller accuracy and performance through OPAL-RT

real-time simulator.

On the other hand, the input filter employed to mitigate disturbances due to switching devices
and avoid electromagnetic interferences—the optimum damping resistance designed to
eliminate instability problems in the feedback control loop of the POL converter. The stability
problem is due to the dynamic filter interactions with sources. The stability condition verified

using the Nyquist stability criterion.
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CHAPTER 1: INTRODUCTION

1.1. DC Microgrid Background and Motivation of the Research

A conventional fossil-fuelled based power generation system is facing challenges in a
continuing reduction of fossil fuel resources. The traditional generation systems with fossil
fuels require the transmission of electrical energy from generation place to distribution system
or customer side. Consequently, this wastes more electricity in the transmission and distribution
system since it is far from the user. Also, the fossil fuel-based generation system is not
environmentally friendly [1], [2]. These challenges have led to the innovative development of
the power generating system closer to the customer end within the distribution system using
renewable and non-renewable energy resources. The power generation at a distribution voltage
level referred to as distribution generation (DG). For increasing high-power quality demand
and reliable power supply, energy storage systems (ESS) and DG utilization commonly more
popular in recent times. The DG and ESS encompass small power network and ESS that can be
interconnected with medium or low voltage distribution system locally through power
electronic converters [3], [4].

Nowadays, the penetration of DG using RES becomes increasing in the distribution network
because of the advancement of semiconductor device technologies [5]-[7], [8]. Accordingly,
the utilization of renewable energy source distributed generation has been developed to provide
power sources within the local distribution network. This increased reliability, efficiency, and
flexibility for the local end-users. These generation systems can utilize both small-scale
conventional energy generation technologies like gas and micro-turbines and non-conventional
renewable energy generation technologies like photovoltaic (PV) panels, wind turbines (WTSs),
fuel cells (FCs), etc. [9], [10].
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Fig. 1. 1: The Development of Renewable Energy Installed Capacity in the World [11]

The capacity of installed renewables in the world is increasing, as reported in renewable energy
policy for the 21% century (REN21) (see Fig. 1.1) [11]. Hydropower constitutes the maost
significant amount among the total capacity of installed renewables in the past year. But
nowadays, the ability of renewable energy resources like wind and solar has also been growing

at a rapid rate.

However, the operation of the renewable energy sources presents several challenges due to
their fluctuating output. It hence requires energy storage and grid-connection to support the
power balance between energy production and consumption [12]. Thus, considerable
developments can be achieved when heterogeneous distributed energy sources with easier grid
integration and smart power managing features are used. To harmonize the inconsistency
between the large grid and distributed power, and maximize the significance and welfares of

the distributed energy, the concept of microgrid has been introduced [3], [13].

The microgrid is a cluster of micro sources, loads, and energy storage systems that work as a
single controllable entity that can be operated independently or connected with the utility grid
[13], [14]. Initially, the concept of microgrid introduced to satisfy local energy requirements by
interfacing the DG sources to distribution lines at the substation or close to the customer side

without the need for costly extension of the conventional central power grid.

Microgrids can be classified as AC, DC, or AC/DC hybrid based on the voltage and current
types. Depending on the operation system, it can also be divided into two; grid-connected and
islanded microgrids [15]-[17], [18]. Most energy sources, such as the battery energy system,

fuel cell, and solar PV, are generating DC in nature. Nowadays, also DC-operated electronic
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loads are developing that eliminate further power conversion stages, reducing costs and losses.
Besides, in the DC system, reactive power control, synchronization concerns, and frequency
control do not exist [19], [20]. The load side converters determine the quality of the DC
microgrid power supply to the customer. Thus the appropriate use of the power electronic
converter is to provide a tasty variety of electrical power for the end-users. The DC bus voltage
is the only variable that uniquely determines the power balance and DCUG quality. As a result,
the DC microgrid is more comfortable to control, easier for multi-distributed power sources

integration as compared to its AC counterparts [21].

In recent years, wind and solar distributed generations are becoming the most popular
distributed renewable energy sources for microgrid applications. A hybrid wind and PV with a
grid-connected system provides more reliability and higher quality power to the load than a
system with a single source in the microgrid system [22]. In such an order, the power electronic
converters are used for integrating the different distributed energy resources (DERS). The
increasing number of renewable energy sources (RES) penetrations in the distribution network
and the increased consumer energy demands from a nearby site, encouraged the deployment of
DCuG with multiple sources and energy storage opportunities to deal with the control,
reliability, and stability problem in the integrated systems [23]-[25]. A DCuG can be interfaced
with different sources in parallel, each unit in the network participates in supporting each other
via an integrated and power management control strategies. Consequently, this can provide
various benefits such as the optimal operation of DCuG subsystem through coordinated control
scheme that maximize utilization of DGs and BESS [23], [26] and maintain the reliability and

power balance of the DCUG in case of generation and load disturbances [24], [25].

In 2004 Ito et al. [27] developed the first DCuG experimental prototype claiming that simple
control, higher reliability, and availability as well as more efficient than its AC microgrid
counterpart. Afterward, several DCUG projects were demonstrated in different applications like
flexible DC distribution. for telecom power supply [28], data centers [29], residential
households [30], [31], and distributed energy resource plants [32]. Nowadays, DCuUG systems
are acknowledged as a fundamental technology part of smart grid development. For example,
an automotive industry uses 12V DC distribution systems to supply all the electronic/electrical
devices of the vehicle [33], 48V DC supply is widely used in telecom distribution systems [28],
and HVDC is used for undersea or long-distance electrical transmission. The DCUG enables to
increases of the power quality of the distribution network [34], [35], and it is suitable for RES
generating DC output in nature since these sources eliminate unnecessary energy conversion
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stages [36]. Power electronic converters are used to interface the generations to the DC bus.
Besides, these converters employed to regulate and manage the source and load subsystem

terminal parameters to interact with each other predictably and stably [37].

With the development of micro-grid control methods along with cost-effective and efficient
power electronic converters, a DCUG can become a promising solution for integrating DG
sources, storages, and loads. However, to achieve stable and secure operation, proper control
and stability strategies should be determined before DCuGs can become commonplace. Thus,
in this study, suitable control strategies and stability improvement both in islanded and grid-
connected modes are proposed. Different kinds of. literature reported on DCuGs control

schemes and stability analysis is described in the following section.

1.2. Literature Review

In a hybrid source DC microgrid system, the RES supplies the average load demand. Whereas
ESS and the AC grid supply are employed to regulate and support the power balance in the
case of fluctuating output of distributed generation units within the distribution network. The
DCuG enables the system for proper integrated operation of the different micro sources such as
DGs, ESS, grid-connected VSC, and loads with appropriate control and stability. Also,
microgrid offers a suitable technical, operational, and economic benefit of enhanced optimized
energy economics and reliability [38], [39]. Thus in the following section, the development of
DC microgrid, the different kinds of the control system, stability, and application reviews are

reported. The next section describes the detail of the literature reviews of the DC microgrid.
1.2.1. Historical Development of DC Microgrids

In 2001 T. Ackermann et al. [10] presented the general definition of distributed generation as
the generation of electric power at the distribution level. Additionally, the author described the
meanings of distributed capacity, distributed utility, distributed resources, and network and
connection issues of distributed generation. The intended purpose of the study was that the
anticipation of distributed generation would have become more significant for the next power
generation system. Later the idea of microgrid introduced in 2002 by R.H. Lasseter [13] as a
future low voltage distribution systems paradigm that was practicing radical changes due to the
beginning of the distributed generation. The design is based on a group of micro sources and
loads into one typical unit could be deduced as a single dispatchable consumer from the

overhead power system point of view.



A better way of microgrid system that enables the separate microgrid operation of generation
and the associated loads has been proposed in [40]. Whenever disturbances occur, the
corresponding loads and production will be disconnected from the distribution system to
protect the microgrids load from the interference without affecting the grid transmission
integrity. In 2004 A. Arulampalam et al. [41] have been proposed the concept of electronic
power control in integrating generating sources, loads, and energy storage devices. The control
scheme is intended for voltage regulation, frequency regulation, unbalanced current
compensator, islanding, and grid-connecting operation. Similarly, the application of interfacing
power converters of distributed generations, particularly PV generators, fuel cells, and wind

power, was introduced for improving the power systems performance and efficiency [42].

Dushan Boroyevich et al. [43] reported that power electronic converters could support to
improve system reliability, controllability, efficiency, and size in the AC and DC distribution
system. For example, from the start of a computer power system, the study anticipates the
possible forthcoming of AC and DC power electronic distribution system configurations,
particularly in the existence of RES. The author also suggested that the control scheme
achieves a hierarchical dynamic decoupling of distribution, consumption, and generation
through the use of bidirectional converters as energy control centers. Patterson [44] has
proposed DC micro-grids and the origin of the Enernet. The source of the earliest form of DC
electrical voltage and its potential to change the world again discussed. The vision of the DC
Micro-Grid-enabled "Enernet” represents an inevitable decentralization of the national network
and should facilitate the current overhaul of the Smart Grid. Nowadays, the DC power system
is becoming more popular solutions in different application areas such as electric vehicle

charging, residential, automotive industry, and charging energy storage systems.
1.2.2. Control Strategies in DC Microgrids

The increasing power demand for reliable and high power quality encouraged the small-scale
power generation from DERs and ESSes that are connected to the low voltage DC power
system. The control of the microgrid system ensures the seamless operation of the energy
storage system and distributed generation with stable and equal current sharing among the
parallel-connected power converters. As reported in the literature, many researchers
investigated the AC microgrid since the conventional power system based on the AC system

[45]-[49]. Currently, the DCuG have received more popularity than AC counterpart because of



the benefits such as higher reliability, higher efficiency, low cost, absence of frequency or

reactive power control and more straightforward analysis and design of control loops [50]-[52].

Moreover, in DCuG different DER and ESSes are joined to the universal DC bus through
power electronic converters. The integrated operations of ESSes and multiple DGs have
fluctuating voltage levels with varying characteristics when coupled with the central DC
microgrid system [53]. Accordingly, to ensure stable and effective integrated operation of a
DCuG, there are three control schemes usually employed. These are decentralized, centralized,
and distributed control schemes. These control techniques are described in the following

section.
a) Centralized Control System

In the centralized control scheme, the central controller receives the detected signal from all the
units. After that, the controller performs functions like sending instructions to each interfaced

converters, deciding how much amount of power each group can contribute, and so on.

The central controller monitors the control decision as per the received measurement signals
from each converter in the system and set up acceptable limit values. The control system
employs a fast communication network to link it with the load and source subsystems, as
depicted in Fig. 1.2. In the case of small-scale DCuGs, each unit in the system can be
controlled directly by the central controller, which uses high-speed communication using a

master/slave approach[54], [55].
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Fig. 1. 2: Central Control System Structure

However, for large DCuGs, hierarchical control is often a preferred choice because it

introduces a degree of absolute independence between diverse levels. The hierarchical control
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that achieved by the simultaneous use of a local converter control and a coordinated control
based on a digital communication link and separated by at least an order of magnitude in the
control bandwidth [56].

In [57], a hierarchical control system with a three-level control scheme proposed. The first
control level includes primary control functions as it maintains the reliability of system
operation in case of communication failure. In the secondary control level, it employs a
consensus-based voltage controller to avoid the average voltage variations in the microgrids.
This averaging method permits control of power flow between the microgrids [56]. The tertiary
control regulates the power flow among the DCuGs and the external electrical distribution
systems [58]. The hierarchical control method is used in [34] to optimize efficiency and the
resilient operation of DCuG. Supervisory control used to manage and balance the power of the
system within a microgrid in [34], [59]. The practical application of a hierarchical controller

and its interaction among different levels are detailed in [58], [60].

One of the best benefits of the centralized control scheme is that the central control system can
able to realize global optimization based on information obtained from all units. But, the
control technique is highly susceptible to single point failure, subsequently degrades reliability;
moreover, the control strategy also suffers from a high computational burden. In [61], a
centralized control technique is presented to interface the operation of different converters in
DCuG that connected in parallel. This control strategy implemented the model predictive
control scheme for power-sharing and voltage control. However, this control mechanism
degrades the system reliability, flexibility, and it is more susceptible to failure with a single
point fault in the system. In [62], a master-slave control method for load sharing proposed.
Similarly, this control solution also has a related problem with the central control, since the

voltage control fails with the failure of the master-slave.
b) Distributed Control System

The distributed control scheme has no central control that requires communication links with
all individual units. However, the different groups in the system communicate among
themselves via dedicated digital communication links. In this control scheme, each local
converter controllers work independently but interchange information with each other via a
communication link to enhance global performance. One of the critical advantages of the
distributed control scheme is that it maintains full system functions. Even though one

communication link failure happens in the system, the other communication linkages remain
7



connected. The control principle employs a consensus algorithm within each local controllers
in which it is unceasingly sum up all the errors of some variables targeting get the desired value
in given local control units. The computational burden of global optimization also reduced by

distributing the algorithm to local controllers.

In the distributed control algorithm, the communication system is flat and spans over the local
controllers, unlike the multi-level control scheme and communication in case of hierarchical
control approaches. Such type of communication network design is intricate, needing
knowledge of graph theory. Specifically, the exchange of information only can happen between
the two interconnected nodes and only comprise local information. The most uncomplicated
distributed communication technique is using the standard bus voltage as a means of
communication to combine all the local controllers. Thus, via this communication link, all local
controllers could get access to other whole nodes without the need for a central controller.

Hence, improvement in reliability can be achieved.

In the distributed control strategies, the voltage restoration and current sharing are the key
issues. In [63], the voltage variation and current unbalance are distinguished in the DCUG
system with increased virtual resistance. The control method uses a low bandwidth
communication interface to calculate the overall average power flow delivered by each unit.
Then after the value is used to evaluate the remuneration value required for the desired voltage

reference. All the modifications supplied to the local controllers via the control loop.

Consequently, the bus voltage renovated to its desired value. In [64], the influence of time
delay in a distributed control scheme discussed. It demonstrated that the control algorithm has a
low time delay, but the system control stability is still guaranteed. The voltage shifting
equalization technique is implemented in [65] to maintain the same amount of voltage shift

within the converters during DC bus voltage restoration.

Nowadays, in many numbers of microgrid applications, consensus algorithms have been
employed [66], [67]. A consensus algorithm based on low bandwidth communication was
applied in [64] to control the average DC voltage and current by using two more extra Pl
controllers in the secondary control loop. As a result, the aim of enhanced current sharing
accuracy and voltage restoration achieved at the same time. In [66], a dynamic consensus
system is applied where a robust DC observer using the data from the neighboring DG
developed to correct the desired local voltage references. A current regulator also included

comparing the adjacent local currents to eliminate the load sharing errors.



To optimize the economic performance of a global droop controlled DCuG dynamic consensus
algorithm suggested in [67].

In [20] distributed control scheme operating with droop control that can facilitate maximum
load transfer to load using the fuzzy logic controller is proposed. However, this control system
has the drawback of complex computational analysis, slow communication, and vulnerability to
measurement error. Many studies reported in [22], [68] proposed control of energy
management methods primarily on islanded DCuG by optimized usage of RES and ESS.
However, such control approaches may lead to reduced reliability and create more burdens on

ESS due to the intermittent behaviour of solar insolation and wind speed [22].

In conclusion, note that in the distributed control scheme, information awareness is comparable
with the centralized control system. The distributed control offers improved reliability since it
eliminates the single point of failure. However, the control method has limitations such as

complex analysis, communication delay, and measurement errors.
c) Decentralized Control System

The decentralized control scheme is implemented based on local control information. Each unit
in the system controlled independently. The control structure can be achieved exclusively
without employing a digital communication link, as shown in Fig. 1.3. Several decentralized
control methods used to coordinate the performance of multiple hybrid sources that connected
in parallel in DCuG. The most commonly used are adaptive droop coefficient control, DC bus

signaling, and power line communication.
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Initially, the concept of DC bus signaling was introduced in 2004 [69]. The DBS used as a

Fig. 1. 3: Decentralized Control System Structure

means of scheduling power generation and load power-sharing to regulate the power balance in
a decentralized approach in DCuGs comprising multiple hybrid generating sources. DBS relies
9



only on local information and does not require any components other than the interface
converter. Therefore, it is a decentralized control method that is easy to implement. The main
concern is the selection of suitable voltage levels that are required to identify different

operating modes.

In [70], a decentralized control scheme based on an adaptive droop controller proposed for
primary and secondary power-sharing in low voltage DCuG. The local control functions such
as voltage, current, and superimposed AC frequency parameters are utilized in the primary and
secondary loop for the target power-sharing without the need for additional communication
links. As a result, the reliability of the system is higher as compared to the system utilizing the
communication network. An output constrained robust decentralized control method with
parallel converters for a single bus DCuG system presented in [71]. The control method
guarantees a proportional load sharing and consistent performance of voltage regulation with a
bounded transient response. In [72], a DCuG with multiple renewable DGs and ESSs
implemented using a mode adaptive decentralized control algorithm to maintain the power
balance. The DC bus voltage utilized to allow load sharing among the various sources.
Besides, it also used to determine the operation of the DCUG modes as well as to enable
seamless mode transitions. This control system allows performing local control variables in
every interfacing converter to realize the power and voltage regulation. Also, every power
converters in the method employed independent control without any communication link

between different units.

1.2.3. Stability Issues in DC Microgrid

The stability concern in DCuG is the consequence of the energy conversion via interconnecting
power converters between source and load subsystems to obtain different voltage ranges that
required in case of integrating multiple sources, ESS and load components. Thus, the DCuG
architecture cascaded of a power distribution system where the interfacing power converters
link the subsystems with different voltage levels [73]. The causes of stability problems in
DCuG are POL converters that immediate instability effect, DGs power output fluctuation due
to input disturbances in nature, sudden load changing, and fault occurrences [74]. In DCuG,
loads classified as resistive and CPL. CPL typically maintained via a POL converter with

sufficiently large bandwidth.

Note that load output power is equal to the POL converter input power regardless of the source

voltage deviations [75], [76]. The influence of CPL on the stable system operation is conveyed
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by its negative converter input impedance in the system dynamics. This negative resistance
causes the system poorly damped and can cause stability problems and worsen the system
operation [77]. To overcome the instability problems caused by non-linear CPL admittance or
impedance-based design is proposed in [78]. In [79], stability analyzed for converters dynamic
equation, and damping enhancement using frequency-dependent virtual impedance for DCuG
with the presence of CPL is discussed. Similarly, in [77], stability improvement using virtual
impedance was proposed. Most of the DCUG stability analyses reported in the literature are

linear and based on small-signal review [77], [80].

The proposed DCuG employed a decentralized control configuration using DBS. This
methodology features a self-controlled operation of each interfacing converter without
communication links. The stability problems mitigated by passive damping of the input filter

applied at the input of point of load (POL) converters.
1.2.4. Application of DC Microgrid

Due to the recent development toward smart grid technology, together with the potential
advantages of the DC power system, DCuGs have received more attention as a viable

distribution alternative in various areas.

Advantageously, most of the loads in residential and office applications are DC supplied.
Electronic appliances such as computers, laptops, tablets, phones [81], and DC supply used for
lighting [82]-[85]. Modern DC supplied lighting technologies are more efficient. For example,
solid-state lighting and compact fluorescent fixtures involve a DC stage. As a result, a DC
distribution system is more valuable than their AC counterparts [86], [87]. DC supply used in
variable speed drives (VSD) for heating, ventilation, pumps, and air conditioning (HVAC)

systems, elevators, fans, and traction with front end inverter.

Additionally, industrial applications, the DC electric arc furnaces employed in the steel industry
due it needs less energy than the equivalent AC and cause fewer flickers [88]. If the AC
distribution system supplies the load, it adds conversion stages and, subsequently, the delivery
chain results with reduced efficiency. According to [89], about 30% of the AC power generated
passes via interfacing converters before consumed. The lost energy amount varies, but usually,
it approximated in the range of 10-25% [44]. Consequently, the authors in [90] proposed that
the efficiency of the power conversion approximately raised with 8% if a DC power supply

utilized.
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Furthermore, around 25% of saving attained by eliminating one rectifier and one power factor
corrector (PFC) stage. Thus, DCuGs can be an alternative solution to supply individual
buildings like data centers and banks. DC power systems are making a comeback to the AC
system not as a competitor but as a partner where the DC supply system offers more advantages
than the AC supply counterparts. The DC systems have advantages where distances are small,
and DC loads are dominating. In data centers, loads such as computers, LED lighting, and
adjustable speed drives for air conditioning powered by DC power. Also, DCuGs provide
power for loads during transients and outages on the utility grid [91], [92]. Thus, nowadays,

DCuGs has got numerous applications in industrial, residential, and commercial areas.
1.3. Challenges of the Research and Proposed Solution

1.3.1. Research Challenges

The DCuGs are becoming more popular and drawing more attention with the integration of
various DGs with a centralized battery energy storage system. Integrating multiple DGs in
parallel via power electronic converters enables improved reliability and energy utilization in
the microgrids. However, the generation output disturbance of DGs, sudden load change, and
impedance mismatch among the source and load converters cause stability problems in the DC
distribution system. The integrated operations of DCuG with ESSes and multiple DGs have
changing input characteristics and varying voltage levels. The various sources are
interconnected in parallel through the power converters to the central DC grid system.
Changing aspects of wind speed and solar irradiation, as well as the charging and discharging
of the battery, affect the stability of the DC bus voltage. Consequently, due to the disturbances
mentioned above, power unbalance and voltage instability results in the DC bus. The
fluctuating output characteristics of DGs, the dynamic interaction between the source and load
interfacing converters, and a sudden load changing cause a significant problem on DC bus

voltage stability.

Typically, DCuG is an interconnected distributed power topology, and the power converter
interconnects between the portions of the system with various voltages levels. In such
structures, instability in the system occurs due to the tightly controlled load side converters that
act as CPLs (Constant Power Load), in which the small-signal model contains a negative input
resistance. This negative incremental impedance causes the system poorly damped and can
cause unstable poles in the frequency domain and worsen the system stability [1]. The

intermittent character of the renewable energy sources and the continually changing power
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consumption are also among the parameters that challenge the DCuG power management

system and hence, DC bus stability.

1.3.2. Proposed Solutions

A hybrid wind and PV generation with a grid-connected system provides more reliable and
higher power quality to the load than a system with a single source in a microgrid system. The
increasing number of RES penetrations in the new distribution network and the increased
consumer energy demands from a nearby site, encouraged the deployment of DCuG with
multiple sources and energy storage opportunities that deal with the control, reliability as well
as stability problem in the integrated systems. Thus, in this study, a coordinated decentralized
droop controlled strategy among the various sources has been implemented using the DC bus
voltage signal (explained in detail in chapter 3). A DCUG composed of wind-solar hybrid RES
and BESS "with grid-connected or islanded operations that allow flexible and reliable
performance with seamless mode transition proposed. The control method employed the DC
bus voltage level as a communication signal and let the autonomous control operation of each
the interfacing converters without communication. The control methods for maximum power
and constant voltage are used in the DGs interface converter to control the power and voltage
fluctuations due to changing input conditions. The developed DCuG control is implemented in
real-time simulations with software control-in-the-loop (CIL) to verify the controller accuracy

and performance through the OPAL-RT simulator.

In addition to improving the problem of DC bus oscillation due to electromagnetic
interferences, the input filter applied between power sources and a load converter. Furthermore,
to overcome the instability of the POL converter feedback control, the stability conditions using

Nyquist stability, criterion analysis implemented.
1.4. The Research Objectives

DC microgrid is an integration platform that encompasses storage units, micro sources,
interconnecting units, and loads. The synergetic operation of these units can enhance the
reliability and flexibility of the system. Thus, based on the gap identified from the literature

survey, the objectives of the researches are described as follows:

e Modeling and autonomous control of each source units such as distributed generation (wind

and solar), and grid-connected VSC under input disturbances.
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e Investigation of appropriate control strategies for the stability of DC microgrid with source
and load disturbances.
e Investigation of stability of a DC microgrid due to source disturbance with constant power

loads.

All the objectives are validated using MATLAB/SIMULINK and real-time simulation.

1.5. Thesis Organization

Apart from this chapter, this thesis consists of four chapters. Each chapter's work descriptions

summarized in the following.

In chapter two, the modeling and control of renewable energy sources (such as wind and solar),
battery energy storage, and grid-connected VSC is described independently. An autonomous
control scheme based on local functions like the current, voltage, and droop controls is
employed through the power electronic converters that connect the source units to the typical
DC grid.

Chapter three presented the existing DC microgrid topologies and also described the benefits
and limitations of each topology. Based on the single bus DC microgrid topology, the
integrated operation of DCuG with different sources like wind, solar, BESS, and G-VSC
through a decentralized control structure with input source disturbance explanation is given.
The DC bus signaling control technique that employs the DC bus voltage as the communication
link to determine the various operating modes depending on the status of generating source
input also discussed. Three different ways of operations are explained based on the changing
generation output power and sudden load switching. The proposed DCuG model is developed
in Matlab/Simulink SimPowerSystems and verified with real-time simulation using OPAL-RT

is presented.

Chapter four describes the different causes of the stability problem in DC microgrids. It
elaborates stability problems due to the source and load converter impedance mismatches, as
well as due to the uncertainties of DGs operation and method of improvement was described. In
the chapter, the input filter design and analysis for stability problem mitigation with optimum
damping of input filter design are implemented. Besides, several decentralized control methods
used the control technique to overcome the instability of the POL converter feedback control

explained in the chapter. The load converter, control loop instability problem examined using
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the Nyquist stability criterion. The source output and load input impedance investigated to

quantify the system stability.

Chapter five summarizes the significant contribution of works performed in this thesis and

states the further future research area to investigate.
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CHAPTER 2: DC DISTRIBUTED ENERGY RESOURCE MODELLING

AND CONTROL

The DC power distribution systems have been drawing significant attention and have shown
the potential to compete with conventional AC systems [50], [4]. DCuGs are based on direct
current technologies and consist of DER and loads operating in a controllable and synchronized
way either in a grid-connected or islanded manner [93]. Most energy sources such as solar PV,
fuel cell, and battery energy system are generating DC in nature. Nowadays, also DC operated
electronic loads are developing that eliminates further power conversion stages reducing costs
and losses. To date, DCuG is getting more preference than its AC ‘counterparts. Because of
numerous benefits such as the direct connection of native DC loads with renewables natively
generate low voltage DC power, more straightforward control system compared to AC
counterparts, higher reliability, and efficiency [52], [53], [64], [75]. Furthermore, the DC power
system is gaining attraction in low voltage applications; for example: in modern electronic DC

loads at home (LED lights, phones, TVs, laptops, and so on), in academia, and so on.

In the DC power system, power electronics are a crucial element for the energy conversion and
for allowing control of the bus voltage and power flow of the system. Due to the advancements
in the semiconductor technology and power converters, the microgrid's topology has received
more popularity with the integration of ESSes and DERs [94]. Thus, the power converter plays
an essential role in the combination of renewable energy sources into the electrical grid. Also, it
is widely used and rapidly expanding as these applications become more integrated with the
grid-based systems. The distributed generation is a small power scale located close to the
customer side. It can operate with a connection to the utility grid or independently. The
commonly used DG sources are solar PV, wind generation, fuel cell, microturbine, and small
hydropower. In this chapter, DC distributed energy sources along with the interfacing converter
to the DC grid, and their control methods described independently. Finally, these distributed
sources integrated or connected in parallel in a decentralized fashion by using a single DC bus
topology and hence can get supply from the universal DC bus. In this chapter, grid-connected

VSC, wind generation, solar PV, and BESS are described.
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2.1.Grid-Connected Voltage Source Converter System (VSC)

A VSC is one of the main elements in microgrids and DGs for interconnecting the AC grid and
DGs, such as the wind power system with the DC grid [4], [94]. In low voltage DCUG

applications, a three-phase two-level VSC is commonly used.

Different control schemes reported in the literature for VSC to address the control of power and
voltage balance of the power converters. Feedback control systems employed, and these
controllers have an advantage, such as robustness and adaptability of disturbance rejection in
the grid as compared to the open-loop control system [4], [95]. In this thesis, a current mode
vector control approach using a typical direct Pl controller employed. Averaging and
linearization used in linear controller design that allows the control action to change
continuously despite the discrete number of the possible switching state of the converter. The
control system allows using necessary pulse width modulation (PWM) techniques such as
space vector PWM (SVPWM) [96] to transform the output voltage reference from the current
controller into the switching signals sent to the actual converter switching devices. For the
computation of the controller output, usually, a variable transformation matrix is applied to the

measured magnitudes.

2.1.1. Voltage Source Converter (VSC) Modeling

The three-phase VSC is employed to convert a three-phase grid AC power supply to DC
voltage with input power factor control. The schematic diagram of the three-phase two-level
VSC illustrated in Fig. 2.1.
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Fig. 2. 1: Grid-Connected Voltage Converter (G-VSC)

The VSC interfaced to the AC grid system through an L,CL, filter. The L,C¢L, filter
constructed from three-phase coupled inductors (L) with resistances R, on the grid side, three-
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phase coupled inductors (L,) with resistances R, on the converter side, and three-phase star-
connected filter capacitors (C;) each of them damped with resistances R¢. The voltage
represents the AC grid sources Vg,, Vs, Vs On phase A, phase B, and phase C respectively, in
series with the coupled inductors (L;) whereas e,, e, €. represent the VSC AC terminal
voltages on phases A, B, and C, respectively. Ig,, I, I are the grid side line currents and i,
ic, and i.3 are the converter line currents. The converter can be modeled as a current source and
a capacitor from the DC side of the system, whereas on the AC side, it is shaped by AC voltage

sources [4].

The DC side current source reveals that the real power exchange between the DC and AC sides
and guarantees the power balance of the system. Neglecting the losses in the converter, the DC

load (Ipe) in Fig. 2.1 can be calculated by:

I :k

The grid side source voltages can be expressed by [97]:
Vg, () = Vscos(wpt + 0,)
Vep (1) = Vicos(wot + 0y — 2?“) (2.1)
Ve (1) = Vicos(wot + 0y — 4?“)

Where Vj is the line to neutral amplitude voltage, w, is the fundamental grid frequency, and 6,
represent the initial phase angle of the AC grid supply. The equivalent space phasor of three-

phase voltage is stated, as shown in (2.2).
V. (1) = V el(@ot+6o) (2.2)

The dynamics of the VSC from the AC side can be designated by:

—

= —Ri; + V, — V; (2.3)

dig

L g
Where R is the equivalent cable resistances of the line and i the grid side line current.
Replacing VS from (2.2) in (2.3), it deduced as:

dig

L9 = R 4T, — et @4
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Equation (2.4) expressed in dg-frame form by replacing T; = igqe/® and Vi = Vigqel® in (2.4),

and realized:
d . . . . . —~ . _
La(ldqe]p) = —R(igqe®) + (Viaqe®) — Vsl (@ot+00=p) (2.5)

The equation (2.5) is realized separately in real and imaginary components;

L% = (L %) iqg — Rig + Vig — Vscos(wot + 85 — p) (2.6)
d- -~
Lf == (L %) ig = Rig + Viq = Vssin(wot + 6 — p) (2.7)

Equation (2.6) and (2.7) expressed in a standard state-space form with the introduction of a new

control variable w, where w = dp/dt and yields;

L% = Lw(®)ig — Rig + Viqg — Vscos(wot + 6 — p) (2.8)
LS8 = ~Lo(D)ig = Rig + Vig = Vssin(wot + 85 — p) 2.9)
dp _

L — w(®) (2.10)

It realized from (2.8) — (2.10) is that, Vi4, Vi, and w are the control inputs and ig, ig, & p are the
state variables. The dynamic equations expressed in (2.8) — (2.10) are non-linear due to the
terms wig, wig, cos(wet + 8o — p). Suppose that p has zero initial condition and w(t) = 0. As

a result, if p continues to zero all the time, then (2.8) and (2.9) are modified to the following.

L2 = —Rig + Vig — Vycos(wot + 6;) (2.11)

di B
L=2 = —Rig + Vig — Vesin (wot + 6) (2.12)

Suppose that, if w, = w and p(t) = wgt + 6, then (2.8) and (2.9) is simplified to (2.13) and
(2.14);

di . .

Ld—f = Lwgiq — Rig + Viq (2.13)
di . . 34
d_: = —Lwgig — Rig + Viq — Vs (2.14)

From (2.13) and (2.14) it can be realized that the system is a linear second-order excited by

constant input Vs. Therefore, if Viq and V4 constant DC variables, then iy and i, are also
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continuous DC variables. The technique to ensure p(t) = wyt + 6, is denoted as the PLL

system.
a) Design of LCL Filter

As shown in Fig. 2.1, a filter is used at the point where VSC coupled to the grid side to reduce
the high harmonic content due to the switching frequency ripple. The LCL filter is used in grid-
connected VSC [98], [99] due to their capability to minimize harmonic current distortions that

can be injected into the grid [100].
b) LCL Filter Modelling

An equivalent circuit diagram of the LCL filter model for the single-phase circuit shown in Fig.
2.2, where Ly, L, represent the filter inductance of the grid and the converter side; i, iy & if are
the current on the converter side, the power flow on the grid side, and the current through the
filter capacitor [100]. Assuming the star connected capacitor LCL filter modeling is carried out.
Accordingly, the state space equation of the single-phase LCL circuit shown in Fig. 2.2 derived

by neglecting the cable resistances and it is described by:

dve EUPAE By

ey Cr (is= ic)

dig g 1 o B

at =5 E(Vs MREG: T i) ="V (2-15)
di,

1 ] 3
" i— L_1 (Ve TG i Y55V )

Representing (2.15) in matrix form:

di Rf Ry Ve
dlc = = £ 1
|[dt—| |[ L, L L, I Tic L 0 ;
disj _ 1 Rf _Re Veul. conv
el o Bl | 1 = [ = ] (2.16)
A R
t Ce C¢ 0 0
x = Ax + Bu (2.17)
is  Ls V. Lo Ic
Ry
VS conv

Fig. 2. 2: Single-Phase LCL Equivalent Circuit

Assuming v, = 0, the filter transfer function is expressed by:
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sC¢Rf+1
S3L1CfL2 +52Cf(L1+L2)+S(L1+L2)

Gren(s) = (2.18)

The frequency response of the filter transfer function using the Bode plot shown in Fig. 2.3
with and without damping resistance. As observed in the figure the addition of damping
resistance together with filter capacitor avoids the resonant peak, attenuating the system

response and moves the phase margin to —180° at high frequencies.

Bode Diagram

50 = il i
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|
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Fig. 2. 3: Frequency Bode Plot of LCL Filter

Parameters required for the calculation of filter components are; line-line RMS voltage (Vi_1),

grid frequency (fy), DC-link voltage, rated active power (P,), resonance, and switching
frequencies. The parameters used for the design are V;_;, = 400 V, B, = 5 kW, f; = 50 Hz and

fsw = 5 kHz then the system base capacitance and impedance can be calculated by:

2

7, = % = 320 (2.19)
1

Cpi= — ~ 100pF (2.20)

Suppose that the maximum power factor deviation realized by the AC grid supply is 5 % to

determine the filter capacitor. Accordingly, the filter capacitor found to be C¢ = 0.05 * C}, =

SuF.
Similarly, the base current calculated as:
I, = -2 _ 10254 (2.21)
3*Vp_rms

The filter inductor (L,) from the converter side is calculated by adopting 2.7% of the base
impedance and assuming that at this impedance value, a 10% current ripple obtained. Thus,
from (2.19), 2.7% of the base impedance value is given by [101].
X1, = 0.027 * 32 = 0.8640 (2.22)
The inductance value obtained from the equation X;, = 2mf, L, and calculated as follow:
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X
L2 — L2
2*msfy

= 2.75mH (2.23)
Similarly, the grid side inductance is also approximated by adopting 1.8% of the base
impedance and assuming a ripple attenuation factor of less than 20%. With these assumptions,
the new impedance obtained.

Xp1 = 0.018 * 32 = 0.576Q (2.24)

and from (2.24) the inductance is calculated as:

L= 2 = 1.8mH (2.25)

= 2xTufy,
Typically, the resonant frequency of the system is taken as one-half of the switching frequency
and in this system; f..c = 2.5kH. Accordingly, the impedance of filter capacitance at the

resonant frequency is given by:

Xg= ——=12.730 (2.26)

2#T*fres Cf
The damping resistance selected to be one-third of the impedance at the resonant frequency that
is Ry = 4.24Q).

2.1.2. Active and Reactive Power Control

a) The Synchronous Rotating Frame (SRF) transformation

The stationary reference frame is useful in various applications; however, it is oscillating
similar to the abc quantities. As a result, for VSC employing vector control technique, constant
DC quantities are required for the controller design. Thus synchronously rotating dq reference
frame is needed to obtain the continuous variables [102]. The grid side voltage Vi, Vs, and V..
is sensed and converted to a stationary reference frame V, & Vg as shown in (2.28) and this
stationary frame further switched to synchronously rotating reference frame (SRF) V4 and Vgq
(2.30). When VSC operates in rectifier operating mode, the voltage vector V; is aligned with

the q — axis and the d — axis lags the q — axis by 90° as illustrated in Fig. 2.2 [102].

The grid voltage represented as:

coso

2T

Vsabe = Vi * cos(6 — 2? (2.27)
T
cos(0 +5

Where Vapes = [Vas Vbs  Ves]T and V,,, is the peak of phase voltage. If the system is

balanced, (2.1) can be expressed in a stationary reference frame as:
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VO‘B =T=* Vabcs (228)
Where Vo = [V Vg]T and T denotes a vector matrix defined by:

1 1
S 2.29
i B0 229
2

Fig. 2. 4: d-q axis Alignment Diagram

The rotating synchronous reference frame [103] using (2.28) determined as:
(2.30)

qu = B % VaB

Where Vgq = [Vq  Va]™ and B denotes the rotating matrix given by:

—sin®*  cosO*
(cose* sinee*) (2.31)

Substituting (2.27) and (2.28), into (2.30), the voltage V and Vq is obtained as [103],[104]:

V. cos(6* —0) cos(AB)
q| _ '
[Vd] rE [sin(e* — 9)] N [sin(AG) (2:32)
The required voltage magnitude the g-axis component and can be obtained as:
Vq=Epsinp =e (2.33)
Where E,,, = —V,,, and p = 8 — 8. The grid system frequency derived as:
dé
m—E—Gf*e (2.34)
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Where Gy denotes the loop filter gain. Assuming the phase difference p is very small, (2.21)

can be linearized as:
e =E,S (2.35)

The electrical voltage angle 6 is employed in the SRF to obtain constant DC quantities.

Converting abc currents and voltages to the SRF, the following voltage and current phasors

achieved.
qd — YoV
\Y% N (2.36)
d _ iq7iid
1ad — = (2.37)
A three-phase power formulated as:
o= A — qdyqds _ Vq—iVa,  qtiia
S =P +jQ =3V = 3(=1 (=2 (2:38)
Simplifying and rearranging (2.38), active and reactive power can be found by [105]:
P = 2 (vgiq + Vaia) (2.39)
3 . q
Q — E(Vqld = leq) (239b)

b) Advanced PLL Control Using Lead Compensator

In a microgrid, grid connection is necessary for supporting the local distributed renewable

generations like wind and solar in which the power generation is intermittent due to the

changing environmental conditions. In this case, the grid system should maintain the power

factor control to provide the generated power without energy losses [102]. Thus, accurate phase

information must be sensed and delivered to the VSC control system for proper active and

reactive power regulation. On other hands, the dq quantities that obtained from abc to dq

transformations contain sinusoidal components such as the double frequency (2w,) signal with

the DC quantities [97]. These sinusoidal components exhibit oscillations that are modulated

with controller and feedback variables via these transformations.
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Fig. 2. 5: PLL Control Block

Consequently, the PLL is required to regulate the double harmonic frequency and oscillations
to control the phase angle and frequency of the grid supply constant. The control scheme
illustrated in Fig. 2.5, and as shown in the figure PI controller represented by G(s) is applied to
decrease the phase error of AC components. Thus, it should note that if the difference in angle
(AB) between the PLL output 6* and grid angle 6 is kept zero, then V, = V;;, and Vg = 0, as
shown in Fig. 2.6. The voltage-controlled oscillator (VCO) employed to generate the phase
angle and frequency from the low pass filter (Pl controller). Using only the PI controller has a
limitation that the phase detector generates oscillations or harmonic distortion at the double

frequency of the input signal [106].

Accordingly, to solve the problem of double frequency content in the input signal, the lead
compensator H(s) is implemented to attenuate a notch peak frequency at 2w, due to

fundamental negative-sequence coupling. Also, it enhances stability by increasing the phase

margin [97].

O e e ———— — e —
% 2006 | —  —  ———— = —
& of |  —|— —— - A
> 200
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Time (sec)
@
s 500
) 0
s
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Time (sec)

(b)

Fig. 2. 6: gqd-axis voltage, (a) g-axis voltage, (b) d-axis voltage
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Fig. 2.5 shows the PLL control diagram in which Vg, is the input described in (2.27), where
V. = 325V and w, = 2m * 50 rad/sec. The compensator H(s) designed by considering one
pole at the origin and complex conjugate zeros s = +j2w, to eliminate the double frequency
oscillation. Then the compensator transfer function is given by:

HCs) = (o) S2E290 N () (2.40)

Vsn/ s(s+2wg)?

Where N(s) is the lead controller transfer function and V,, is the nominal value of V. The lead
compensator designed by assuming the required phase margin of 60° and gain cross over
frequency w. = 167rad/sec. The compensator provides an optimum phase boosting to the loop
gain. Accordingly, N(s) consists of two cascaded lead compensators, each to provide 45° at

21(j167). As a result, the transfer function for N(s) derived as:

NGs) = (22 )2 (2.41)

s+403
Substituting (2.41) in (2.40), the compensator transfer function becomes:

1.8+102%(s2+394784)(s%?+138s+4761)
$2(s2+12575+394786)(s2+8065+162409)

H(s) = (2.42)

Fig. 2.7 shows the frequency response of H(jw). As observed in the figure that the magnitude
drops with a slope of —40dB/dec, for w. = 167rad/sec. But, around the w. the slope of the
magnitude reduces to about —20dB/dec, and the magnitude of the loop gain rises to —120° at
w = w.. Thus, this is a desired characteristic because of the AC components of V4 due to

harmonic distortion of Vg, attenuated.

Bode Diagram
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Fig. 2. 7: PLL Compensator Result

¢) Current Control Scheme

In the analysis of VSC employing vector control strategies, three-phase currents and voltages
transformed into two-phase reference frames. The transformed grid side voltage and line
currents are used as feedback parameters for the inner current control loop, as shown in Fig.
2.8. The active power is regulated through the inner g-axis current control loop while reactive
power controlled via the d-axis current control loop due to isq is a measure of P and similarly
isq signify a measure of Q, as described in (2.27) [102]. The feed-forward terms wLigq and
—wLigq are combined with the inner current control system to allow effective decoupled

control of the igq and igq.

The reference currents igrer and ig.er are calculated from the real and reactive power references
P.or and Q¢ that formulated using the instantaneous power theory described in (2.27). The
Vq = 0 maintained by the PLL control system and substituting this in (2.27) the reference

currents can be formulated as

: 2 Pre
igref =3 qu (2.43a)
; 2 Qre
larer = 37y: (2.43b)
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Fig. 2. 8: VSC PQ Control System

Consider the VSC connected to the AC grid shown in Fig.2.1. In the figure the v, represent
the grid voltages, ig,pciS grid-side line current, L/R are line inductance and resistance
respectively, vi,pc 1S the converter side voltage and i._,. IS the AC line current from the

converter side [107].

Then the converter model in the dq synchronous frame can be expressed by:

di . . d . —
Vid = L2 d_ctd + Rzlcd i [Vcd + (lsd - 1cd)Rf] + (*)Lzlcq

di ] . ! .
Viq = Ly ﬁ + Rpigq + [ch + (1Sq — 1Cq)Rf] — wLyicg

. d .

isa = Cpgot + eq + 0Cpveq (2.44)
d

. \4 .

isq = Cf—diq +icq — wCeveq

. . dig . .
Ved T (lsd - 1cd)Rf = L1 d_td + Rllsd + (*)Lllsq

. . di . .
Veq (1Sq — lcq)Rf =1, d—tq + Ryig + Vsq — wLyig B
Where viq and vy, the d- and g-axis components of converter side voltage; uq is the g-axis

component grid voltage; w is the fundamental grid frequency; L, and L, filter inductances from
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grid and converter side, respectively; R; and R, are the cable resistances and C; and Rg

represent the filter capacitor and damping resistance, respectively.

The conventional Pl controller based vector control employed in an inner current loop for
tracking the reference current. If the grid side current is used as feedback variables for the

inner-current control, the control equation formulated as:

Vidref = (U(Ll + Lz)iq + (idref - id)kpi + Kjjugr
Vigref = Vsq — w(L; + Ly)ig + (iqref = iq)kpi o kiiuqr

_ idref_id 2 45
Ugqr = 75 ( b )
uqr — Igref—lq

S

Where k;; and k; are the proportional and integral gain of the current controller. vigper and

Vigref represent the reference modulation voltages.

The LCL filter used to dampen the high harmonics due to the switching frequency of the
converter. For this reason, the current control bandwidth always designed to be smaller than the
resonance frequency of the LCL frequency [107], [108], and the lower order harmonics
attenuated with the current control loop. Since the DC-link voltage control design is mainly
based on the low-frequency range, the filter capacitor has no effect on it. Accordingly, the

dynamics of the converter side voltage in q — d axis reference frame can be described by:
vig = L(52) + wlig + Rig (2.462)
Vig = Rig + L(52) ~ wLig + v (2.46b)

According to (2.45) and (2.46), the closed-loop transfer function G.(s) for the current control

results from the following equation:

G.(s) = ZT— (2.47)

The modeled grid-connected VSC simulated using the parameters described in Table 2.1 in
MATLAB/SIMULINK, and the AC-side parameter results depicted in Fig. 2.9.
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Fig. 2. 9: Grid Input Parameters, (a) 3-phase grid-side voltage, (b) 3-phase AC line current, (c)

phase to neutral voltage and line current (10 times increased)

Fig. 2.9 shows grid voltage and current are in phase, and hence, the unity power control
achieved. That indicates the grid phase angle and frequency controlled at the desired value. The
high order harmonic frequencies that are created by a non-linear switching operation of VSC
attenuated by employing an LCL filter on the input side of the converter. The inner current loop
control regulates the low order harmonics, and as a result, a sinusoidal input current with THD
less than 5% achieved, as shown in Fig. 2.10. The inner current control loop realizes real power

control.
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Fig. 2. 10: Current THD (%)
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Table 2. 1: G-VSC Parameter

S.No | Description Value Units
1 Rated Capacity 5 kw
2 Grid nominal frequency 50 Hz

3 line voltage 400 V

4 Switching frequency 5 kHz
5 Filter inductances L1, L2 1.8,2.75 mH
6 DC-Link voltage 650 V

7 Filter capacitance 1 MF

8 Damping resistance 4.24 Q

d) Design of DC-Link Capacitor

The active rectifier, as shown in Fig. 2.1 has an intermediate circuit capacitor. This capacitor
makes it easier to control the DC link voltage. Also, the intermediate circuit capacitor offers an
energy store in the middle and also serves to decouple the three-phase VSC from the load
subsystem. The difference in instantaneous active power stored in the DC-link capacitor, and
this causes the DC voltage to fluctuate [109]. Thus, the DC-link capacitor value is determined

based on the maximum tolerable limit of DC voltage change, AVye.

This DC link capacitor designed for the currently active power flow to the DC network. The
instantaneous active power that flows into the direct current system described using the
synchronously rotating frame, which is based on the level of the mains voltage and is given by
[97]:

P=led+vqlq=V1

qlg: with Vd =0 (248)

ig and Vg are the g-axis component of grid current and voltage magnitude respectively and they

can be expressed by:

ig = Im(+/31,sin(—2w,t)) (2.49)
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Where E,, represent the nominal value of peak amplitude-phase voltage and w; denotes the
nominal grid angular frequency. Neglecting the grid-connected VSC losses, the corresponding

instantaneous active power flowing into the DC-link capacitor calculated as:
P =1icqcVae = Pac (2.50)

Substituting equation (2.48) into (2.50) and simplifying the equation, the average DC capacitor

current can be estimated:

e

icac =5l (2.51)

The change in DC voltage can also be achieved by:

d lw€q .
_VdC = 4 1
dt Cdc Vdc

) (2.52)

The average DC voltage derived by linearizing the (2.52), and it is given by:

d 1 eq .
d_tAVdC =1 lq (253)

Cdcv_dc
Finally, the DC-link capacitor is derived by substituting (2.49) into (2.53) and simplifying the
expression; the DC capacitor defined as:

Lt Thel o (2.54)

B VacAVge 20,

Cdc

Where P, represents the converter nominal power rating. Accordingly, substituting the
converter parameter values listed in Table 2.1 in (2.54), DC capacitor calculated as; C4. =
300pF.

e) The DC Voltage Control

The DC voltage controller regulates the DC link voltage and sets the reference input for the g-
axis current controller. The control block diagram proposed in this study shown in Fig. 2.8. The
measured DC voltage and feed-forward (capacitor power) used to improve system
performance. The E? is proportional to the energy stored in the capacitor. The controller output
is the active power supplied to the capacitor P:. Accordingly, the desired real power for the
converter evaluated at P = Pc + Ppc, where Py represents the power detected in front of the
intermediate circuit capacitor [110]. In this study, the mains supply voltage used as the nominal

bus voltage of the DC micro-network. The control method implemented with a Pl controller.
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Suppose W = EZ is the control variable used in the design of the DC voltage control. Then the

intermediate circuit capacitor power P in the frequency domain can be described as

Pc(s) = %SCW(S)
The control system represented with a transfer function Gypc
Kiv
Gypc(s) = va + S

The closed-loop control system transfer function could be formulated by

W(s) _
Wi 2s2C+sKpy+Kiy

SKpV+KiV

It can also be expressed in the standard form as:

W(s)  2slgop+wg
Wi s2+2s{pwE+w3

The controller parameters can be found by:

2
Cwg

Kpv = ClgwE, -

Kivy =

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

Where {z is the value of damping ratio desired for the voltage loop, and wy signifies the

desired gain crossover frequency of the DC voltage control loop. It should note that the DC

voltage loop must be much slower than the internal current regulator to ensure stable system

behavior [107], [110]. The rectified DC voltage and power simulation result, as shown in Fig.

2.11.
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Fig. 2. 11: Grid Rectified Output Parameters. (a) DC-link Voltage (V) (b) Power (watt)
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The voltage source rectifier voltage and power output simulation results, as shown in Fig. 2.11.
As mentioned above, this voltage considered as a nominal DC bus voltage for the proposed
DCuG. It maintained at rated values of 650 V and 5 kW for the duration t = 20 to t = 40s,
voltage, and power, respectively. In this study, the grid-VSC and BESS employed for
smoothing the DC bus power balance at different times. Thus, duringt =0tot = 20sand t =
40 to t = 50s, the grid-VSC is in disconnected mode, and the system is operating in islanded
mode. During this period, the BESS regulating the DC bus voltage by charging and

discharging. The detailed result described in chapter three in section 3.8.

2.2.The Distribution Generation (DG) System

Distributed energy resources developed as an alternative source of generating clean energy
supply and revolutionized the conventional power generation approach. Nowadays,
advancement in smart microgrid has made the DGs operate in reliable and efficiently enabling
maximize operation of the system with appropriate decentralized control scheme with the

intermittent generation output of solar and wind power sources [111].

Small-scale power generation developed from DERs such as solar, wind, and ESS can be
utilized in islanded or with grid-connected mode. Most of these energy sources generate DC or
variable AC frequency/voltage outputs [94], [112]. The DERs such as wind, solar power
generation systems as well as ESSes control and operations are described in the following

sections.

2.2.1. The Wind Power System

Wind energy is a type of renewable energy source that found abundantly in nature, and it is one
of the clean energy sources. The wind power systems mainly classified as variable speed, semi-
variable speed, and fixed-speed wind energy system [113]. The variable-speed wind turbines
have more advantages over the fixed-speed wind energy system due to it allows maximum
power point capturing, improved efficiency, and power quality. Usually, the variable WECS
consists of two main electrical components, such as generator and power converters. The main
types of generators used in WECS are squirrel-cage induction generator (SCIG), wound rotor
induction generator (WRIG), doubly-fed induction generator (DFIG), permanent magnet

synchronous generator (PMSG) and wound rotor synchronous generator (WRSG) [113], [114].

In a variable speed WECS, the most commonly used electrical generators are a doubly-fed

induction generator (DFIG) and synchronous generator (SG) [113]. In this study, the permanent
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magnet synchronous generator (PMSG) used due to its self-excitation capability, higher
efficiency, and simple structure. In low-speed, PMSG gearbox is not required to match the
turbine and rotor speed [114]. As a result, issues such as increased cost, regular maintenance,
power losses, weight, and noise generation do not exist [113]. The AC/DC converter is

employed to convert the generator AC voltage to constant DC voltage [115].

Table 2. 2: Wind Turbine PMSG Parameters

S.No Parameters description Value

1 Wind speed 12 m/sec
2 Nominal speed 300rpm
3 Nominal torque 270 Nm
4 Generator nominal electrical power 7400 watt
5 Nominal line current 15A

6 Line voltage at no load (L-L RMS) 326 V

7 No of pole pairs 6

8 Nominal frequency 30Hz

9 Stator resistance 1.5Q

10 d- and g-axis inductances 12.5mH

Wind power generation varies continuously with the changing wind speed throughout the day.
Accordingly, the wind turbine has to deliver maximum power with the rotor speed varying
according to the change in wind speed to achieve the optimum power coefficient C, and
consequently, extract maximum power from the wind turbine. As the turbine speed increases,
generator output power increases (see Fig. 2.12), and at the optimum value of the rotor speed,
the output power of the variable speed wind power becomes maximum [113]. The proposed

wind turbine and generator parameters, as shown in Table 2.
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Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 2. 12: Turbine speed vs Wind Power System
a) Modeling of Wind Turbine System
The power output by the wind turbine is a function of its radius, its wind speed, its pitch angle
(B), and the shape of the turbine. The wind power absorbed by the rotor blade and converted

into mechanical force can also be calculated [113]-[115]:
Pn = 0.5pAv3,Cp (2.60)

Ty = 0.5C, (A, B)pTR3AVZ /A (2.61)

Where V,, is the wind speed, p is the air density, R is the radius of the wind turbine, Cj, is the
wind turbine power coefficient, A is the tip speed ratio. The power coefficient C; is dependent
on the turbine pitch angle B and the tip speed ratio (A). The ratio between the generator speed

multiplied blade radius (w,,R) and speed of the wind (V,,) referred to as TSR or A. This ratio,

known as the tip-speed ratio, is defined as

A = Lmf (2.62)

Where w, is the angular rotor speed, B is the pitch angle. The power coefficient can be

calculated by the following equation [114]:

116 21
Cp=0.5 (x_i ~ 04p—5) exp(5) (2.63)
where

1 0.035
A+0.088  B3+1

A =1/( ) (2.64)

a) The WECS using PSMG and Its Operation with Power Converter

Power electronic converters widely employed in WECS. With the development of these power
converters, different converter topologies such as AC voltage controllers, DC/DC boost
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converters, VSCs, and PWM current source converters introduced for WECS [116]. The wind
subsystem proposed in this study uses PMSG to generate a variable three-phase AC supply.
The variable produced voltage is supplied to the three-phase uncontrolled rectifier to convert it
to DC voltage and fed to the boost converter [116]. The boost DC/DC converter performs two
functions. Namely; 1) track maximum power from the wind turbine generator and boost the
generated voltage to the level desired by DC bus, 2) it facilitates capturing of maximum power

from the wind turbine generator with changing wind speed.
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Fig. 2. 13: Schematic Diagram of WECS Proposed in this Work

Fig. 2.13 shows a typical block diagram of WECS, which connected to the direct current
network via a diode bridge rectifier and DC/DC step-up converter proposed in this work. Two
variables carefully controlled, namely: the rectified DC voltage and the active generator power.
The rectified DC voltage (the output of the diode rectifier) changes when the speed of the
generator changes. Therefore, the DC link voltage-controlled to be within a specified range of
acceptable values by controlling the primary voltage of the boost DC/DC converter. Due to the
gain of the converter, the intermediate circuit voltage is usually higher than the output voltage
of the rectifier. The active power of the generator regulated by setting the duty cycle D of the

step-up converter via the control system.

b) The Boost DC/DC Converter Modelling and Control for Wind Subsystems
1) Modeling of Unidirectional Boost Converter

The unidirectional boost converter used to interface the wind and solar power source to the DC
grid. The converter circuit topology, as shown in Fig. 2.14. The state-space averaging applied
in converter modeling. The boost converter equivalent circuit with the switch is turned on and

off separately [80], [117] is depicted in Fig. 2.14 (b) and (c), respectively.
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Fig. 2. 14: Boost Converter Operating Topologies

During the switch is ON (Fig. 2.14b), then the state space equation can be derived as:

LSt = v, (2.65a)
dvc _ Ve
vl (2.65Db)

Where v,, vj,, i, the output voltage of the converter, the input voltage, and the current through
the inductance (input current), respectively. Similarly, L and C are the converter inductor and
the capacitor, respectively.

During the switch is OFF (Fig. 2.14c), the equation described as:

diy,

LE = Vih — Vo (2.66a)
dve . Ve
CE el (2.66b)

The averaged state-space equation is expressed as:

L2 = Avin (1) — (1= D)AVL(E) + VeAd() (2.67a)
dAve(t) ]
== = (1 - D)Ay () — 1L AA() + VeAd(t) (2.67h)

Transforming (2.67) into the frequency domain and simplifying the equation, the converter
control to output, control to input current and input current to output transfer functions are
obtained:

Ave(s) _ (1-D)V,—(LIy)s
Ad(S)  (LC)sZ+Es+(1-D)?2

Gya(s) = (2.68)
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sCVo+2(1-D)I,

_ AIL(S) _
Gig(s) = Ad(s) (LC)sZ+%s+(1—D)2 (2.69)
GiV(S) — AVO(S) _ (1_D)V0_(LIL)S (270)

Aip(s) ~ (CVy)s+2(1-D)Iy,

In the case of MPPT control mode, the converter loop gain achieved by multiplying controller

and power plant transfer functions in the frequency domain, and it is given by [31]:
GioL(s) = Ge(s) * Gig(s) (2.71)

Where G.(s) represent PI controller transfer function. Similarly, the voltage and current open-

loop transfer functions can be given by:

Gior (s) = Gji(s)Giq(s) (2.72)
GVOL(S) Fa GV(S)GCI(S)GVi(S) (273)
Where G4(s) = _Gii(®)Gia(s)

1+G;i(s)Gig (s)
2) The Control Scheme of the Boost DC/DC Converter

The RES input parameters such as irradiation in PV, wind speed in WECS, load demand, and
the status of BESS in the microgrid determine the operating modes of DG systems.
Accordingly, the control system for DG sources, such as PV and wind turbines, can be broadly
classified into two. These are constant voltage control and MPPT Control, as illustrated in Fig.
2.15.
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Fig. 2. 15: Wind Converter Control System

In Fig. 2.15 V,, represent rectified DC voltage input for boost converter, i, is represent boost

converter input current. V4. and ig. boost converter output voltage and current, respectively. In
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MPPT control mode the converter input voltage V,, and current i,, is sensed and provided to the
MPPT module to track the MPPT reference voltage V,,..r as similar to the rectified DC voltage,
as illustrated in Fig. 2.16. This reference voltage V,,..r IS applied to the voltage controller to
regulate the converter's input voltage through the closed-loop and hence, control the active
power wind generator. In this work, the Perturb and Observe (P&0O) MPPT scheme described
in [118] is implemented for maximum power point tracking control. In the case of the MPPT
control system, the wind generation unit used as a current source that injects the generated

power into the DC grid.
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Fig. 2. 16: Input Voltage of Wind Boost DC/DC Converter, (a) Boost Converter Input Voltage
(Vi) (b) MPPT Qutput Reference Voltage (Vi ref)

On the other hand, during the light load condition, the wind power generation shifts to constant
voltage control (CVC). In this case, the system considered a voltage source unit. However, in
the case of two or more voltage source units interconnected in parallel, a circulating current

exist between the sources.

Therefore, to overcome this problem, a droop control scheme is employed to avoid the
circulating current. In droop controlled voltage source units, the power-sharing technique
realized by decreasing the reference voltage linearly with increases in output current [119] and
the converter modeled as a voltage source in series with virtual impedance (Ry) [63], [79]. The
circulating current among the sources is reduced by designing the virtual resistances and
employing it in series with the Thevenin source voltage. From Fig. 2.15, the voltage droop

equation can be formulated as [120]:
Viet = Vacrer — Raldc (2.74)

Where Ry, is the virtual output impedance Vg4.ref IS the converter output voltage reference and

iqc IS the converter output current and V¢ represent the reference voltage used as input for the
41



voltage control loop. The virtual impedance calculated by using parameters such as converter

rated power and DC bus voltage [119] and given as:

Ry = %:ch) (2.75)

Where P,, is the nominal power of the converter, Av,. the change in voltage on the DC bus.

C) Boost Converter Controller Design
1) Current Loop Control Design

The proposed controller block diagram illustrated in Fig. 2.17.

Vet Ge(S) IALW;Q—V G.i(s) _D> Gid(s) IL> Gevo(S) Vo
Hi(s)

[H(s)]

Fig. 2. 17: Wind and Solar Boost Converter Controller Block Diagram

The current reference of the step-up converter inductance (I;..f) generated from the outer
voltage control loop. This current reference compared with the measured boost inductance
current (i) and applied to the PI controller block. The function for current transfer from the
control to the inductance expressed in (2.71). In the equation, Ai;, and Ad represents the small
signal interference of the step-up converter inductance and the duty cycle. The current transfer
function of the PI controller formulated as follows:
Kii
Gei(s) = Kpi +— (2.76)

Where kp; and k;; are the proportional and integral gain. Similarly, the loop-gain (open-loop)

transfer function of the current control derived as:

Goi(s) = Gci(s) * Gig(s) * Hi(s) (2.77)
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Table 2. 3: Rated Wind Boost Converter Parameters

1 Input Voltage (V,,) 400V
2 Input Current (Iy,) 18A

3 Duty Cycle (D) 0.3548
4 Inductance (L) 7.4mH
5 Capacitance (C) 140pF
6 Output Voltage (V,) 680V
7 Rated Power (P,) TkW

The rating of the boost converter parameters used in the simulations listed in Table 2.3. The
control system is designed based on the frequency responses. As a result the proportional and
integral gains of the controller are designed to obtain phase margin (PM) of 60° and cut-off

frequency of 3.14krad/sec.

The controller parameter tuning is done through the SISO tool using Matlab/Simulink software

package. The controller gains calculated to be k,; = 0.0241 and k;; = 68.8. The bode plot of

the current control loop depicted in Fig.2.18.
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Fig. 2. 18: Wind Converter Bode Plot of Current Control Loop

2) Voltage Loop Control Design

The voltage control loop designed by using the inductor current to output voltage transfer
function of the boost converter. The transfer function described by the equation given in (2.72).

Where Ad and Av, represent the small-signal perturbation of the boost converter inductor
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current and output voltage, respectively. The voltage compensator transfer function is described

by:
Gey() = kpy + =% (2.78)

Moreover, using the plant and controller transfer function, the loop-gain of the system is

obtained as:
Geyo(S) = Gey(S) * Gyi(s) * Gy (s) * Hy (s) (2.79)
G (s) isrepresents:

- Gei(s)*Gia(s)
Ga(s) = 1+Ge;j (8)*Gig (s)*H;j(s) 12.80)

The controller parameters designed to obtain a phase margin and cut-off frequency of 60 and
1.34krad/sec, respectively, using (2.79) based on frequency response analysis. The controller

gains calculated are k,, = 0.278 and k;,, = 33. Using (2.79) bode plot of the voltage control

loop is simulated with Matlab/Simulink and shown in Fig. 2.19.
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Fig. 2. 19: Wind Converter Bode Plot of Voltage Control Loop

2.2.2. The PV Power Generation System

a) The PV Array Modelling

As reported in many kinds of literature [121], [122] the PV array equivalent circuit consists of a
diode in parallel with a current source, series (Rg) and parallel (R;) resistance, respectively, as

depicted in Fig. 2.20 (a). The current source provides current in proportional to the solar
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irradiation level. Fig. 2.20 (b) illustrates the voltage versus current curves of the PV array

circuit. The PV array behaves as a current source for voltage lower than Vy,,, (region 1) and it

acts as a voltage source for a voltage higher than V., (region 2).

Bs Ipv
v’V\r»—:_
w|D
o \ 4 ng Vv
(a) PV cell Equivalent Circuit (b) PV current vs voltage characteristic curve

Fig. 2. 20: PV Circuit Model and I x v Curve

The PV array mathematical modeling expressed as [123]:

i = u Vpv+Rslpv) -1 _ VpvtRsipy
ipy = Ipy — I [exp (—ta ) 1] R, ! (2.81)
Where Ipy is the PV short-circuit current, I, is diode saturation current of PV array, V; = NquT

represent the thermal voltage of Ng cells connected in series, q is a charge of the electron, T is

the PV cell temperature, a is diode ideality factor, and k is Boltzmann constant. The PV array
1 X v curve is linearized at the operating point, as indicated in Fig. 2.20 (b). The derivative of

the modeled equation is given by

- § 1} V+IRg) 1
g(V,1) = VexNg*a exp(Vth ) Rp (2.82)

The tangent line obtains the linearized PV array model to the voltage vs current curve at the
MPP, and it is described by

iy = (=gV+D +gvp, (2.83)

The simplified circuit for the linearized model, as shown in Fig. 2.21. The equivalent PV array

resistance and voltage calculated as: Voq = V —1/gand Req = —1/g [32].
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Fig. 2. 21: Linearized PV Array Equivalent Circuit
b) The PV Interfacing Converter Control and Operation

The operation of the PV arrays depends on factors such as solar insolation, load demand, and
the conditions of another energy source in the DC microgrid. Due to the changing character of
the irradiation, the power generation in the PV system is also changing. Accordingly, similar to
the wind power system, two control modes, namely MPPT and voltage control, are employed,
as depicted in Fig. 2.22 [52]. The constant voltage control (CVVC) used during sufficient power
generation from the PV or wind power. Two or more RESs are connected in parallel and
operating as a voltage source unit; there will be a problem of the circulating current. Thus,
droop control is included in the outer voltage loop, as illustrated in Fig. 2.22, to reduce the
circulating current. Fig. 2.22 demonstrates the two control mode schemes. In the case of MPPT
control mode, the PV array voltage and current is measured and provided to the MPPT module

to calculate the PV power (P,,). The MPPT module output the reference PV voltage Vyr.r and

this voltage is compared with the sensed PV array voltage. The result is provided to the Pl

controller to generate a pulse signal for the switching operation of the converter.
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Fig. 2. 22: Control Schematics for PV Boost DC/DC Converter

In the voltage control mode, an average current control method with outer voltage control loops
and inner current control loops is used to regulate the current of the PV array. The current

reference I, for the current regulator is calculated from the outer voltage loop. The boost
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converter input voltage controlled to follow the reference MPPT voltage to achieve the same

with the measured PV array voltage, as shown in Fig. 2.23.
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Fig. 2. 23: PV Boost Converter Input Voltage. (2) PV Array Voltage, (b) PV MPPT Output
Voltage Reference

C) The PV Boost Converter Small-Signal Modelling

The PV array dynamic model is a non-linear system. As a result, a linear model is necessary for
small-signal analysis and designing a controller. The non-linear differential model of the PV

array equation described in (2.82).

As shown in Fig. 2.20 (b), the slope of the PV i X v curve in region — 2 is bigger than
region — 1. The dynamic resistance is proportional to this slope, and accordingly, the system
dynamics can be affected by the operating conditions. In [121], as shown that the current
source curve operation is worse than the voltage source region. Consequently, the current

source considered for controller design due to its most critical dynamic characteristics.

Fig. 2. 24: PV Interconnecting Converter in DC Microgrid
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In Fig. 2.24, the PV interfacings converter dynamics are derived [121].

dAi
L9 = Avy, () — (1= D)AV, (1) + VoAd() (2.83)
=2 = (1 = DAL () — [LAd(E) + VoAd(t) (2.84)

The function of the boost converter is to regulate the PV input voltage by adjusting its duty
cycle to track the maximum power point and control the converter DC voltage in constant
voltage control (CVC) mode. Converting (2.83), and (2.84) into the frequency domain, the
control to inductor current and inductor current to output voltage transfers can be obtained and
is given by (2.85) & (2.86).

Air(s) - sCV,+2(1-D)Ip
Ad(s) (LC)sZ+%s+(1—D)2

Gig(s) = (2.85)

Avy(s) _ (1-D)Vo—(LIL)s
Aip(s)  (CVy)s+2(1-D)I,,

Giv(s) = (2.86)

The solar boost converter's controller design method is similar to the wind converter controller
design. Thus, the controller design is implemented similarly as the wind converter controller

design based on the converter nominal parameters described in Table 2.4.

Table 2. 4: Rated Solar PV Boost Converter Parameters

1 PV array output voltage (Vy,) 300V

2 PV array current (1) 40A

3 Duty Cycle (D) 0.5216
4 Inductance (Lgo) 7.8mH
5 Capacitance (Cgq1) 440uF
6 Output Voltage (V,) 665V

7 Rated Power (Psq1) 12kwW

The calculated controller gains are k,; = 0.0101 and k;; = 2. The frequency plot of the current

control loop portrayed in Fig. 2.25.
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2.3.Battery Energy Storage Modelling

Battery energy storage system modeled in different methods with various degrees of
complexities. The easiest and usually used battery model includes parameters such as a
controlled voltage source with an internal resistance connected in series with the source voltage
[121]. The battery models characterize parameters such as self-discharge and overcharge

resistance, internal resistance, and separate discharging and charging processes.

It — Extracted Capacity . 'Inttemal(R )
esistance (Ro

Q — Max. battery capacity ANA—9—eo
lp —» +

E, Controlled Vp
voltage source l
e

' i i
E=E,- KQQ—_it+ Aexp(-B*it) —it jo

Fig. 2. 26: Simplified Battery Nonlinear Circuit Model

A generic battery model is proposed in [124] that incorporates SoC of the battery and the
current that flows across the array to eliminate excessive complexity while analyzing the

dynamics of the cell. Fig. 2.26 depicts the battery non-linear equivalent circuit model and the

mathematically expressed as follows.

Vb = Eb - ibRb (287)

Q .
Ep, = E, — KQ—fibdt + Aexp(B * [ ipdt) (2.88)

Where E,, represent the open circuit battery voltage. The SoC of the battery is given by

S0C(t) = 55/ Me®Ip (Dt (2.89)
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Q(t;) = —memCteoet (1 4 g AT(1) + BAT2(Y)) (2.90)
Laa,, (MOl e
heap (122)

Inom

Chom = CnI(:m for n hours (2.91)

2.3.1. The BESS Converter Modeling and Control
a) Bidirectional Buck/Boost Converter Modeling

The bidirectional battery interfacing converter depicted in Fig. 2.27 works as a buck converter
in case of current flow from high to low voltage side and as a boost converter when current

flows from low to high voltage side [80], [117].

Boost mode

—>

Buck mode

- +

Vbat —

Fig. 2. 27: Bidirectional DC/DC Converter Circuit Topology

For the boost type converter, a similar average state-space model of boost converter for a wind
power system described in the section above derived. Thus, to avoid redundancy, it is not
explained here. The state-space model for the buck converter is calculated based on the
converter switch turn on or off. Hence the circuit structure also changed accordingly. During

switch closed:

LGE = Ve = Voat (2:922)
dVbat i h
Copat =y — b (2.92b)

Where C and L represent converter capacitance and inductance respectively, while vy, battery
terminal voltage, iy, is current through the inductor and v4. the input DC bus voltage. Similarly,

in case of the switch is opened, the state-space equation derived as:

N
Lﬁ = —Vpat (2.93a)
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dVbat i M
CT =1 R (293b)

The average state-space model is formulated

LE = DAV + VgeAd — Avige (2.94)
dAVbat _ s AVbat
C bt = g — bat (2.95)

Applying small perturbation in (2.94) — (2.95) and transforming to the frequency domain, the

control to inductor current and inductor current to output voltage transfer function is obtained.

_ sCVgc+2(1-D)I, (2.96)

147 (Lo)s?4Es+(1-D)?

_ Avqc _ (1-D)V4c—(LIy)s
Giy = Aip, — (CVgo)s+2(1-D)I;, (2.97)

The transfer functions described in (2.96) and (2.97) used to design the Pl controller's gains

[117].
b) Battery Bidirectional Converter Control

In DCuG, BESS is connected to the DC bus via a bidirectional buck-boost DC/DC converter to
achieve better control performance [125]. Based on the DC bus voltage status at the point of
standard coupling (PCC), the BESS can be controlled either in discharging or charging mode.
The main control objective is to regulate the DC grid by charging the battery during excess

generation output power available and by releasing the battery in case of generation deficiency.
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Fig. 2. 28: Battery BDC Control Block

The schematic control block diagram for the battery control proposed in this study shown in
Fig. 2.28, where Vo and Vi ,ier represent the measured and desired battery voltages, Vi, 1, is
the battery voltage at 40% SoC, I}, is battery reference current, I, the steady battery current.
The battery charging and discharging status is determined by Iy, where I, represent the
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summation of charging and discharging battery output current (Ix; + Ix,), as shown in Fig.
2.28. Moreover, when I, > 0 the bidirectional DC/DC converter works in boost mode, and
hence the battery is discharging to regulate the DC bus power balance, while Ij,, < 0 battery is
in charging mode [125]. Thus the seamless transition among the various methods is ensured.
This operation is verified using the real-time simulation via the OPAL-RT simulator and

displayed in chapter three.
c) Controller Design of Battery Converter

The discharging (boost mode) and charging (buck mode) of the battery bidirectional interfacing
converter can share a similar transfer function for the current controller design [16]. Such type
of control referred to as a unified controller. In the centralized control system, the converter
switches operate in a complementary manner through a single controller. The inductor current
reference determines the discharging and charging status of the battery. That is when Iy ¢ IS the

positive battery is charging and I ..r iS the negative battery is discharging, as portrayed in Fig.
2.29.
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Fig. 2. 29: Battery Bidirectional Converter Inductor Current

d) Current Control Loop Design for Battery Interfacing Converter

The boost and buck mode of the bidirectional DC-DC converter share the same plant transfer

function for internal current control, a unified control method employed.
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Fig. 2. 30: Battery Current Control Loop Block Diagram

Accordingly, the boost mode used for the control design. The control system block diagram, as

shown in Fig. 2.30. The control to inductor current transfer function derived as:

v
V(,Cs+2?0

Gpia(s) = (2.98)

LBCs+L?Bs+(1—D)2
Where Ad and Aij, are the change in duty cycle and inductor current, respectively. Similar to
the wind and solar converter controller, the battery current controller transfer function is

described by:

Kpii
Gpi(s) = kppi + z (2.99)

The transfer function of the internal control loop in the open-loop system defined by the

product of the feedback path loop and gains in the forward, and it is given by:
Gpoi(S) = Gpci(s) * Gpig(s) * Hp;(s) (2.100)
The battery converter parameters used in the simulation listed in Table 2.5.

Table 2. 5: Battery Bidirectional Converter Parameters

1 Battery voltage (Vi) 240V

2 Battery current (Ig) 21A

3 Duty Cycle (D) 0.62

4 Inductance (Lg) 5.1mH
<) Capacitance (Cg) 200pF
6 Output Voltage (V,) 634V

7 Rated Power (Pg) S5kW

The frequency response plot of (b) using the rated of the converter parameters portrayed in Fig.
2.31. The proportional and integral constants of the controller designed to obtain the phase
margin of 60° at a cut-off frequency of 3krad/sec. Thus controller gain constants are calculated
as kppi = 0.101 and ky,; = 32.
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Fig. 2. 31: Battery Converter Current Control Loop Bode Plot

In a similar approach and analysis as the wind boost converter, the voltage control of the

battery converter also designed, and the controller gains are achieved by ki, = 0.0055 and

kypiv = 2.85. The frequency bode plot with and without the compensation depicted in Fig. 2.32.
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2.4.Summary

10

10° 10
Frequency (rad/s)

10°

The modeling and control of renewable energy sources (such as wind and solar), battery energy

storage, and grid-connected VSC described independently. An autonomous control scheme

based on local functions such as current, voltage, and droop control is employed through the

power electronic converters that connect the source units to the typical DC grid. The power

electronic interface converters play a vital role in the reliable and efficient operation of the
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system for integrated service. Step input source disturbances applied to the source units. The PI
controllers used in all of the modules due to the control scheme presents zero steady-state error.
For wind and solar power generation units, MPPT control and voltage mode droop control
implemented. At rated conditions, it observed from simulation results that the desired rated
value achieved. However, due to the decrease in input conditions for renewable energy sources,
the generation output power also decreased. The MPPT control tracks the desired reference
voltage to match with the output rectified DC voltage of the wind system and PV module
voltage with the change in wind speed and solar irradiation, respectively. In the end, the

proposed units modeling and design verified using MATLAB/SIMULINK simulation.
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CHAPTER 3: DECENTRALIZED CONTROL SCHEME OF DC

MICROGRID UNDER SOURCE DISTURBANCES

The increased demands of energy and environmental problems have motivated the DGs
integration in the new distribution power networks. In the past decades, DGs sources solar,
wind, and ESSes have been integrated into the AC distribution to resolve the lack of energy
supply. In the recent time, DCuGs have been employed in various areas such as
telecommunications, automotive, academic institutions, data centers, and high-speed railways
distribution system due to development in power electronics technologies [4], [126]. Most of
the distributed energy sources are natively generates DC power, examples solar, fuel cell, and
ESSes. The DCUG system can reduce the number of power conversions stage, and this benefits
the system with higher efficiency, reduced cost, and more straightforward structure [52], [75],
[93], [127], [128], [129], [64]. Besides, the DCUG topology enables the integrated parallel
operation of multiple DERs. Furthermore, it provides advantages such as suitable integration of
ESSes, improved power system redundancy, and flexibility. In this chapter, the decentralized

control and integrated operation of multiple hybrid sources of DCUG are described.

3.1. Development of DC Microgrid Architectures

Low voltage DC (LVDC) distribution systems with a high power quality have proposed for
uninterrupted power supply application in industrial use in 1993 [130], before the idea of
microgrid introduced in 2002 [13]. The system demonstrated with a ring structure of DC bus,
as shown in Fig. 3.1. The distribution system includes BESS to smooth the power supply
system in case of AC supply outage. The anticipated objective of this structure was to obtain

reliable and uninterruptable power for the critical loads.

On the other hand, the structure of LVVDC distribution simplified to reduce costs for widespread
applications. Because of this, the commonly used single bus DCuG system is a suitable
solution for low cost and simple structures due to ESS is directly linked with the bus, as
depicted in Fig. 3.2. The single bus system is inexpensive and has a simple structure. This type
of DC bus widely used in telecommunication DC power distributions. In that scheme, all the
source and load subsystems linked with the universal DC bus. The stability of the bus voltage
regulated with the direct connection of ESS terminals to the primary DC grid or at the PCC of
the DCuG [130], [131].
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Fig. 3. 2: DC Microgrid Single Bus Topology with ESS Directly Connected

However, this topology has a limitation since the bus voltage fluctuating with the discharging
and charging of BESS. Moreover, it is not comfortable to keep the power balance with the
changing bus voltage. An alternative solution to the topology shown in Fig. 3.2 is proposed in
[132], [133]. In this topology, the ESS interfaced with the DC bus via a bidirectional DC/DC
converter, as depicted in Fig. 3.3, and it allows us to monitor operational battery status and

optimize DCUG operations. Due to the RES intermittent generation outputs caused by varying
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environmental input conditions and limited power capacity of BESS, an AC grid interface

incorporated that enable to improve continuous and reliable power supply in a DCUG system.
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Fig. 3. 3: DC Microgrid Topology with ESS Connected via Bidirectional DC/DC Converter

Bipolar low voltage three-wire distribution DCuG architecture with high power quality supply
proposed in [2]. Fig. 3.4 shows the typical block diagram of the bipolar low voltage DCUG
architecture. The middle line used as a neutral line that connects the AC ground with the DC
earth terminal. Accordingly, it provides two different active line-to-ground voltages, and hence,
the system gives two different DC voltages. Loads connected with an alternative option
between the three lines; thereby, the flexibility of the system is enhanced. The unbalanced loads
eliminated with the method employed a voltage balancer in the DC bus between the positive

and negative terminals to regulate DC voltage balance.

Besides the aforementioned DCuUG architectures, different topologies enable the system to
achieve high flexibility and reliability. For example, a meshed topology that can employ in the
multiterminal DC grid and DC multibus system used to form an independent power network.
But structures of these topologies are complex; as a result, their system control is complicated

[14]. In this study, a low voltage DCUG topology illustrated in Fig. 3.3 chosen.
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3.2. The DC Microgrid Power Management and Operation Strategy

3.2.1. DC Microgrid Power Management Techniques

In the hybrid DCuG system, the DC bus voltage used as a control parameter for balancing
power flow among the various terminals. The surplus/lack of generation output causes the DC
bus voltage rising or dropping, respectively, with the change in input environmental conditions
(such as wind speed and irradiation) and charging/discharging of BESS. These would result in
power unbalance and causes voltage instability [72], [134]. Thus with the hybrid source DCuG
architecture proposed in this work, the system terminals broadly categorized into two; slack and
power terminals. These terminals facilitate the system to maintain the bus voltage in the stable
limit. The power terminals, such as variable generations (solar and wind power), regulate the
power balance by delivering surplus power to the DC grid. However, the slack terminals
maintain the power balance by absorbing or supplying the excess/deficit to/from the microgrid.

The proposed DCuUG architecture shown in Fig. 3.5.

In this study, three different operating modes described; Mode-I (Islanding mode with battery
charging and DG regulating bus voltage), Mode-Il (Grid-connected with rectification mode),

and Mode-II1 (Islanding mode with battery discharging).
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The main control concern in the DC microgrid is to regulate the power balance in the existence
of intermittent sources and loads. The power management is achieved by load shedding or
using backup generation and energy storage. The DBS enables multiple sources of operation
utilizing a droop control approach. The DC bus signaling is a control method that consists of

voltage droop control and voltage level signaling.
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Fig. 3. 5: The Proposed DC Microgrid Configuration

The system mode switching is determined based on the bus voltage signal described by the

logic system shown in Fig. 3.6. In this control method, the rectified G-VSC DC voltage set as
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the nominal DC bus voltage (Vpcp), 8n2 and 8y, are designed at 5% and 2.5% higher than Vpcp,
respectively, but §;; and &;, are set at 2.5% and 5% below Vp,, respectively, for BESS
operation. Furthermore, wind and solar terminal voltages designed at Vpc, + 8p2Vpen and
Vpen + 61 Vpen respectively. Whereas the battery storage and grid designed at Vpc, — 611 Vpen
and Vpc,, respectively; where 8,5, 8h1, 611 & ;5 parameters that determine voltage levels
[51].

Oh1Vaen<Vus<On2Vdcen Mode |
Mode 11 —
8L2Vdcn<Vbus<8L1Vdcn Mode 11 .

Fig. 3. 6: The System Switching Mode Logic Flow Chart

In practice for power balancing at the DC bus, there are many various interconnecting control
problems such as practical usage of the energy storage system, exploiting DGs power

production, and regulating bus voltage within the particular margin [22].

Accordingly, in the proposed hybrid DCuG with multiple sources, the optimized operation is
implemented through a decentralized control method that uses a DC bus signaling control
technique. This control method allows the adaptive mode transition among the different
operating modes [135], [136]. The control approach based on the bus voltage level is employed

to regulate the proper function of the hybrid DCuG system under varying input conditions.
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3.2.2. DC Microgrid Operation

The microgrid operation broadly classified as islanding and grid-connected operating modes. In
the two working ways, different controls, power management, and operation strategy methods
applied to maintain the bus voltage. Due to the uncertainties such as the fluctuations of solar
and wind power generation, grid-connection situation, and load changes made microgrid to
operate in different modes to guarantee reliable and safe power supply [128]. The operating
way of the hybrid DCuG proposed in this study is categorized into three, as shown in Fig. 3.7.
The system power management algorithm described in Fig. 3.8. The intended objective is to
control the power flow among the autonomously controlled sources and storage unit and
maintain the stability of the DC bus voltage within a specific range. The power flow at the

various mode of operation presented in Table 3.1.

Table 3. 1: Power Flow Operation at VVarious Operating Modes

Operating Modes | DCuG Operation type | Power Flow VSC Power Flow Battery
DG Islanded Pyrig = 0 Poat <0
G-VSC Grid-connected Py 8 Poar <0
BESS Islanded Pyriga = 0 Poar > 0

a) Distributed Generation Mode

Fig. 3.7 (a) shows how the DG works. In this mode, the DCuG works island-like. In this mode,
the load power is less than the generation power. Due to the low load requirement, the bus
voltage rises to the maximum limit, and the bus voltage works in the range of 1.025Vpc, <
Vius < 1.05Vpc,. The excess energy from the DGs delivered to the battery for charging during
this time. The DGs converter changes from MPPT control to constant voltage control to control
the bus voltage. At this time, AC-grid disconnected, and the battery bidirectional converter

regulates the bus by absorbing the excess power.
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b) Grid-Connected Mode

The three-phase VSC is used to connect the AC network to a common DC link. This converter
used to regulate voltage, current, and harmonics due to the non-linear switching processes of
the converter. In this study, the grid-connected system set up to compensate for the lack of
performance in insufficient generations of general directors to meet the load requirements by
exporting electricity to the DC bus. During this period, the VSC assumed as a voltage source
and the operating mode shown in Fig. 3.7 (b). The DGs converter during this mode operates at
MPPT control. The battery energy system works in a charging operation. In this scenario, the
operating bus voltage is between the range of 0.975Vpc, < Vpus < 1.025Vp ey, Where Vpey, 1S

nominal DC bus voltage and vy, the reference bus voltage.
c) Battery Storage Mode

This operating mode portrayed in Fig. 3.8 (). The VSC disconnected from the grid. However,
the demand power is higher than the generation power. Since generation is less than power
demand, the battery is regulating the DC bus power balance with discharging operation. Hence,
it works as a voltage source. The DGs are working in MPPT control. During this time, the bus
voltage decreased due to the decrease in generation power and increased power demand. In this

case, the bus voltage is operating in the range of 0.95Vpc, < Vpus < 0.975Vpcp.

3.3. DC Microgrid Power Flow Analysis

In the DC microgrid system, the main issues of power management are to regulate the active
power balance among the energy sources, loads, BESS, and AC utility grid under any
circumstance to ensure stable DC bus voltage. The DC voltage at the PCC maintained with a
specific variation of limit [134]. The uncharacteristic DC-link energy can disturb the system
operation or leads the entire system to collapse. For multiple sources of DC microgrid in a

steady-state condition, the power balance equation can be formulated by:
Ppg + Peat + Pac = PLoaa = 0 (3.1)

Where Py, Peat, Pac, @and Pp.q represent DG, battery, AC grid, and load power, respectively.
In the DC microgrid power network, the impedance of the transmission line has no imaginary

parts, and the bus voltage has no phase angle.
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Voltage and current are the only parameters used to control DC flow. In the DC network (see
Fig. 3.9), the active power flow is proportional to the DC voltage (Vpc). Therefore, the

dynamic power can be controlled by the intermediate circuit voltage, as described by equation

2):

(3.2)

Where
Avpc is the voltage drop over the line resistance (Rpc)

In DC grid increasing load, decreases the voltage of DC-link capacitor (Cpc).
3.4. DC Microgrid Control Strategies

The wind and solar distributed generations are becoming the most popular distributed
renewable energy sources for microgrid applications. A hybrid wind and PV source with a grid-
connected system provides more reliability and higher quality power to the load than a system
with a single source in the microgrid system [22]. In such an order, the power electronic
interfacing converters are used for integrating the different DERs and regulate the voltage,
frequency, and power between the source and load subsystems. The increasing number of RES
penetrations in the new distribution network and the increased consumer energy demands from
a nearby site encouraged the deployment of DCuG with multiple sources and energy storage
opportunities for reliability as well as stability issues in the integrated systems [23], [24], [25].
In the case of different sources of DCUG interfaced in parallel, each reference in the network
participates in supporting each other via an integrated and power management control
strategies. Consequently, this can provide various benefits such as the optimal operation of the
DCuG subsystem through a coordinated control scheme that maximizes utilization of DGs and
BESS [23], [26]. Also, it maintains the reliability and power balance of the DCuG during
distributed generation intermittency and load disturbances [24], [25]. The fluctuating output

characteristics of DGs, the dynamic interaction between the source and load interfacing
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converters, and a sudden load changing are the leading causes of stability problems of bus
voltage in the microgrid system in various sources integrated [22]. Therefore, for realizing the
reliable and flexible operation of DCUG with various electronically coupled sources, different
control techniques are proposed in [23], [137], and [117]. Integrated service of DCuUG with
multiple source control schemes that are suitable for load sharing broadly classified into two:

namely passive and active load sharing [138], [139].

In the case of proactive load sharing approaches, there are three different popular control
methods: namely centralized control [140], master-slave control [62], [141], and average
current control [142]. However, these control approaches have the drawback that requires
communication in the central power that coordinates the parallel operation of each unit. The
central control mechanism degrades the system reliability, flexibility, and it is more susceptible
to failure with a single point fault in the system. In addition, the master control solution also
has a similar limitation with centralized control which in result failure of voltage regulation if

the master-slave face failure [62].

A decentralized control (passive load sharing) structure is reported in [71], [72], [136], for
multiple sources of DCuG. This control system enables to perform local control variables at
individual interfacing converters to realize the power regulation and voltage. Besides, every
power converter in the method employed independent control without any communication link
between different units, and hence, this decrease system cost while improving the reliability of

the system.

The control scheme uses a droop control that can be implemented by the addition of a "virtual
resistor” in the local function. The droop control allows the load sharing in parallel operation of
different sources. Because of its reliability and modularity, droop controls have been employed
in the DCuG system [71], [136]. Thus, for practical and reliable operation of DCuG, a suitable

integrated control strategy is required.

In this study, the coordinated decentralized control strategy for the various sources and loads
proposed. A DCuG composed of wind-solar hybrid RES and BESS with grid-connected or
islanded operations that allow flexible and reliable performance with seamless mode transition
presented. The proposed control system uses the DC bus voltage level as a communication
signal. The DC bus voltage signaling is implemented with autonomously controlled source
units to stabilize the DC bus voltage variations. Due to the fluctuating behavior of the wind

speed and solar insolation of RES and sudden load changes, the bus voltage varies. Moreover,
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the system realizes the optimal operation of the DCuG by maximizing the distributed
generations with voltage and maximum power control mode with the decrease/increase in load
demand, maintaining the economical service of ESS, and regulating the bus voltage within the

particular margins.
3.5. Basic Concept and Analysis of Droop Control

The droop control is an autonomous or independent control with no communication link
between the parallel interfacing converters. The control techniques are mainly used for load
sharing purposes and maintain grid frequency and amplitude of AC voltage in the case of AC
microgrid and DC voltage in DCuG systems. Moreover, the control scheme suppresses the
circulating current between the micro source units. Initially, the concept of droop. control was
used in the AC power system to control reactive and real power flows, in the case of several

generators paralleled the primary grid.
3.5.1. Droop Control in AC Microgrid

In the AC microgrid, the droop control used to control the real and reactive power exchanges.
The voltage droop (responsive power control) and frequency droop (real power control)
characteristics are applied in voltage mode control, as depicted in Fig. 3.10. The control
strategies used to regulate the load sharing without the need for communication links and
control the active and reactive power transfer with the utility grid assuming grid frequency and

amplitude of the AC voltage under control [143].
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Fig. 3. 10: AC Microgrid Droop Control Scheme
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V<3

Fig. 3. 11: Simplified AC Equivalent Circuit
The droop control principle for the AC microgrid described with a simplified VSC equivalent
circuit coupled to the AC bus (see Fig. 3.11). Neglecting the high harmonics and switching
ripples, the converter modeled by AC source voltage V£6. Moreover, the voltage at PCC
described as Vpcc40 and the line impedance and output impedance of the converter represented
as a single equivalent impedance of Z«6. Thus, the system complex power provided to the

typical AC bus formulated as:

VpccV40-8  Vicc48

S = Vpccl™ = Z %3

From (3.3), active and reactive powers derived as:
p = YEC - cos(e 8) — cos(e) (3.4)
Q = "= sin(6 — 8) — Vece CC sin (6) (3.5)

The real line impedance, Z£8, is to be purely inductive, 8 = 909, then (2) is simplified to:

P = P sing (3.6)
Q= VpccVCOZSS—Vlzacc (3.7)

If the phase difference between the common AC bus voltage 6 and the converter output voltage
is insignificant, then cosd ~ 1 andsind = §. As a result, the voltage and frequency droop
characteristics employed and fine-tuned to generate the voltage reference of the converter

[143], asillustrated in Fig. 3.10 according to:
w =" —Kk,P (3.8)
E=E"—-kqQ (3.9)

Where w* and E* the distributed source angular frequency and output voltage RMS at no-load,

respectively. The droop parameters, k, and k, are design parameters and can be determined
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based on the nominal power rating of the converter by considering frequency deviations and

maximum tolerable voltage.

(a) Active power sharing (b) Reactive power
via frequency droop sharing via voltage droop

Fig. 3. 12: Droop Control Characteristic

As shown in Fig. 3.12, frequency, and Voltage are the two parameters that required to control
in AC microgrids. Frequency is controlled by decreasing or increasing the input mechanical

power, and voltage is controlled by absorbing or injecting reactive power [143].
3.5.2. Droop Control in DC Microgrid

The DCUG power system has no frequency. As a result, it cannot form reactance. Besides,
there will be no phase-shift between current and DC voltage, as well as reactive power that
does not exist in the DC system. Thus, DC voltage is the only parameter required controlling.
The DC voltage regulated by injecting energy into the DC grid. For example, if the supplied
power is higher than the power demand of the existing loads, then the DC bus voltage
increases. On the other hand, if all the generating sources and loads connected to a universal
DC bus via their interfacing converters, the sum of each converter's output power should
always be zero [134]. For this reason, a suitable DC voltage controller in DCuG must
continuously monitor the power balance to provide appropriate instructions to the microgrid

components such as generating sources, loads, and converters.

The droop control introduced to eliminate the dependence on one power converter.
Furthermore, it facilitates collective voltage control among the various converters that
paralleled to the DC network. With droop control, the system keeps on operating even if with
single failure or interruption of one of the voltages regulating terminal. The continuing
terminals are responsible for managing the bus voltage within its specified margins. The droop

control primarily employed for load sharing purposes. The feedback signal for droop control
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can be chosen as an output current or power in DCuUG to control the DC bus voltage, and it

implemented in the local control scheme [75].

Vref4>®ﬂ> Ko > L |;
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Fig. 3.13 (a) Control block of DC voltage Fig. 3.13 (b) I-V characteristics of

with droop DC voltage droop

Fig. 3. 13: DC Voltage Droop Control and I-V Characteristics Schematics

The power-based method employs a P-V characteristic curve for controlling the voltage, while
the current-based approach uses an |-V characteristic curve (see Fig. 3.13b). For individual
terminals that operate in voltage droop mode, the power (current) and voltage represented in a

linear relationship characteristic, as depicted in Fig. 3.13 (a).
3.5.3. Analysis of Droop Control in DC Power System

In DC, the power system droop control usually used to maintain the reliability and modularity
inherent in its scheme. With the droop control approach, the output voltage of the unit
decreases as the output load current increases. The droop equation can be described

mathematically by (3.10)
Vous = Vrer = Ralo (3.10)

The (3.10) shows that the desired output DC bus voltage managed with the change in
distributed energy resources output current. V.. and Ry are controllable parameters and
represent the DERs converter reference voltage and droop resistance, respectively. The droop

resistance is calculated by:

Ry = bus (3.11)

Imax

The distributed sources working in voltage droop mode, each reference in the system are
accountable to make the bus voltage stable so that the current at each terminal converter is

given by [51]:
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iS = il + iz + 13 + i4_ (312)

Assume that all sources have the same reference voltage with constant voltage control

operation [144], the reference bus voltage calculated as:

1 . .
n 11l = Vrer — Ralo (3.13)
I=1Rg;

Vbus = Vrer —

The power change supplied from parallel sources analyzed by considering a simplified two
sources supplying power to the load. The DCUG source components listed in Table 3.2. The

equivalent steady-state analysis of the simplified circuit modeled using source units as a

voltage source in series with droop impedance depicted in Fig. 3.14.

Table 3. 2: DCuG Components Design Parameter

Units Types of interfacing Rated power | Droop resistance
converter

Wind turbine Boost converter (nonisolated) | 7 kW 1.25Q

PV Module Boost converter (nonisolated) | 11 kW 0.86Q

AC grid 3-phase VSC 5 kW 1.90 Q

Batter (ESS) Bidirectional Buck/boost 5 kW 1.90 Q

Equivalent Thevenin Circuit

- +
I 1 I 2 A I 0 A
Ra1 Rao & R4 L
Vbus (0] — Vbus Y
a a
d d
Vi Va Vh
 J  J

Fig. 3. 14: A Simplified Equivalent Circuit for Two Sources Connected in Parallel Supplying a
Load and Its Thevenin Equivalent [144]

Thus the change of current delivered by source is given by:

_ 1 _ 2(Vi-Vp) | (Rai—Rgz)
h—-I= Rda1+Rqz + Rqa1+Rqz Lo (3.14)
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Vbus = Vrn — Ralp (3.15)

V;R4,+V3R R41R
1Rd2 2Rd1 and Rd — di1Rhd2
R4ai1+Raz R4qi+Raz

Where Vpy, =

Equation (3.14) & (3.15) shows that the change in current delivered by each generating unit is
inversely proportional to the sum of droop resistances. Consequently, as the total droop
resistances increased, this decreases the difference between currents. However, increasing
droop resistances leads to poor voltage regulation. Thus, there must be a trade-off between load

sharing and voltage regulation [144].
3.6. Constant Power Load Modelling

For proper functioning, every load in DC microgrid requires a specific voltage level. As a
result, this enables the system to have a point of load converter. In this case, the buck converter

tightly regulated to sustain constant output voltage, as depicted in Fig. 3.15 [75], [51].

DC bus
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Z4(s) Zin(9) PWM || current | | voltage | v
loop loop

Fig. 3. 15: Point of Load Converter (buck) Schematics with Input Filter

The input impedance of the system is not equal; however, the output and input power of POL
converters are approximately equivalent. Thus the POL behaves as CPL. Regardless of any
changes in the primary DC bus voltage, the load output voltage maintained constant by
adjusting the duty ratio of the POL converter via tuning the voltage control loop. The output
load converter is kept constant with a dual PI controller system (voltage and current control

loop).

The CPL can be described mathematically as a voltage-controlled current source:

ich = PepL (316)

Vbus

The CPLs supplied from the universal DC bus via the transmission lines. Each transmission
line of the load is modeled with a differential equation to form a single equivalent circuit

transmission line [145]. The differential equations are described by
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di1 1 ry.
I LV — vey) — i
dt Ll ( Sr Cl) L1 1

di 1 ry .
d_tz = L_z (Vsr - ch) - ﬁlz (3-17)

diz _ 1 _ _Is.
at L, (Vsr — Ve3) Is 13

di, 1 By,
E . L_n (Vor W en)® L_nlnLi

Where L; and r; are the transmission line impedance of CPL;; whereas v and i; the input

voltage and current, respectively. The sources supply the total input current is given by:

Suppose that the same reference voltage Vg, for all interfacing source converters coupled in

parallel, the following condition met:
Vsr = Vg1 = Vs = Vg3 = Vg (3.19)
And assuming the ratio of the transmission lines are approximately equal.
i (3.20)

Thus, the single differential equation can be described by:

dieq

Tdt _21 1l = ( i= IL) (V Veq) 21 1]_‘i -e (3.21)

Where L, can be calculated by

Leq = 5T (3.22)

=1Ly

74



Circuit Active

AC Source breaker Rectifier -
I
A\ AC oL ™
f\J )
DC
M,
2228 N
Ls dl./dl e P AAA——YY N
SwW lode 1 i|_1 Lkl DC
Solar ‘{ Cs - Ck]_ e RLl
array DC
(v
N—AAN——YY
d,@f e i|_2 LkZ DC
LYY YN > Ce=F Ri,
Lo LT s DC
AC
| SVL‘ oL
WS +—P—AANN——YY
DC les s Lz bC
PMSG A Cus Ria
Uncontrolled T DC
Rectifier _L
LYY ¥ N\ =
Ly D — * CPL equivalent Model
Battery SwW Sw 3 r__________ﬁl
it J o | e @)
unit . s T '

Fig. 3. 16: Proposed DC Microgrid Equivalent Circuit, Model
Multiplying both sides of (3.21) by (3.22), the simplified equation described as:

dieq

d . n
Leq a azi:l i~ (VS - Veq) — Reqgleq (3.23)

Ty

And where Req = Leq;.

Leq and R¢q are the equivalent inductance and resistance of the simplified line model. With this

value, the n differential equation reduced to a single differential equation. Similarly, the

equivalent capacitance calculated by:
Ceq e C1 + CZ + C3 (324)

The simplified single-line equivalent of the proposed DC microgrid circuit represented in Fig.
3.16. The total power P realized by the difference between CPS generation and consumption

power Pcpy..
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3.7. Concept of the Real-Time Simulator

Real-time simulations are essential to verify the controller performance and accuracy since
models developed in real-time executed at the same rate as the actual physical system. The
OPAL-RT simulator interacts with Matlab/Simulink SimPowerSystems through RT-LAB
software. The fundamental purpose of the simulator is to implement real-time, HIL, and
control-in-the-loop (CIL) simulations. In this chapter, the developed DCuG model with
Simulink using SimPowerSystems is performed in real-time simulation using ARTEMIiS-SSN
solver. This solver used to decouple large power systems state-space into smaller groups,
whose solutions can be obtained simultaneously by using a nodal admittance method. Also, it
provides a fast and accurate real-time simulation of DCuG systems using the most advanced
processors. The ARTEMIS-SSN performs parallel execution by assigning multiple cores per
CPU for computations of subsystems that contain several state-space nodal (SSN) groups. The
DCuG system shown in Fig.3.5 consists of significant electrical components (such as grid
source, wind turbine generator, solar PV array, and battery blocks) and smaller power
electronic components (such as switches and breakers). The proposed DCuG simulated with a
time-step of 20us on 2.8 cores, 3.2 GHz processor speed, and 16 GB RAM of the OPAL-RT
simulator. The real-time simulation performed by decoupling the more significant electrical
components into smaller electrical components with ARTEMIiS-SSN. The parallel tasks built
from the Simulink model using RT-LAB, and each task assigned on the processor of the
multicore computer and the whole simulation can be run [146]. The DCuG model simulation

set up via the OPAL-RT digital simulator presented in Fig. 3.17.

'r"'———-l

Discrete,
Ts = 2e-05 s
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COutl1 fF—P INn 1
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(@) (b)

Fig. 3. 17: The set up of real-time simulation with OPAL-RT Simulator; (a) Simulink Model
Using RT LAB, (b) Simulator Set-up Picture
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3.8. Simulation Result Discussion

The effectiveness of the decentralized control scheme using DC bus voltage signaling verified
via the hybrid DC microgrid system model developed in Matlab/Simulink. With some
modification, it is simulated using OPAL-RT, RT-LAB real-time simulation environment. The
simulation carried out using a fixed-step and sample time of 20usec. The proposed DCuG
architecture shown in Fig. 3.5 consists of G-VSC, PV array, and wind turbine interfaced with
the DC grid via their respective power converters. The boost DC/DC converter connects the PV
and wind power sources with the DC grid. While the BESS linked to the primary DC grid via a
bidirectional buck/boost converter. The DC loads are supplied power from the universal DC
bus through buck DC/DC interface converter. Uncertainties such as the fluctuations of solar
and ‘wind power generation change the microgrid operation system categorized into three
different operating modes to guarantee a reliable and safe power supply. Accordingly, the
control system of the micro sources and load are programmed to change mode transitions
between the various alternatives. The DC bus voltages are operating in the proposed DCUG at
the different modes listed in Table 3.3.

Table 3. 3: Bus Voltages at Different Operating Modes

DG-Mode G-VSC Mode | BESS Mode
>665V >650V >634V

The DCuG bus veltage nominal rating chosen to be 650 V. The specific tolerable operating bus
voltage designed is to be in the range 620 V to 680 V, as presented in Fig. 3.18.
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Fig. 3. 18: DC Bus Reference Voltage
Case 1: Distributed generation mode

A sudden change input disturbance is applied using step signal for PV and wind turbine source
units, as shown in Fig. 3.19 (a) and Fig. 3.20 (a). In this scenario, the DGs interfacing boost

converter employed two control strategies, such as the constant power and constant voltage
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control to regulate the DCuG bus voltage. Since the solar and wind power boost DC/DC
converter is unidirectional, the converter output currents are positive, as can be observed in Fig.
3.19 (b) & 3.20 (b).
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Fig. 3. 19: Simulation Result of Solar Power Components; (a) Irradiation, (b) Converter Output
Current, (c) Converter Output Power, (d) Input Boost Converter Voltage, (e) Solar MPPT
Reference Voltage
During the period t = 0 to t = 20 sec, the load demand is less than a generation. As a result, the
DG converters terminals take responsibility for adjusting the bus voltage by functioning in
voltage droop control mode. Due to low load demand, the bus voltage increased, and it is
working in the range between 665 V to 682 V (see Fig. 3.18). As soon as the maximum power

point reached, it remains operating in this mode in a constant power source control.
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Fig. 3.19 (b) & 3.20 (b) depict the output power generation variation from wind and PV,
respectively. During the time duration t = 0 — 20 sec, the power generation from wind and PV
is more than demanded by load, which is 2.5 kW and 5 kW, respectively (total production is
7.5 kW). However, the overall demand power is 2. 5 kW and is less than the full DG power, as
shown in Fig. 3.23 (b). In this period, the DCUG is in islanding mode with generation from
DGs is higher than the power required by the load. As a result, the surplus power from DGs is
charging the battery. Besides, in this mode, the battery is regulating the bus by absorbing the
extra energy. Due to the less load power demand, the bus voltage is higher than the nominal
bus voltage. Consequently, the DG interfacing converter's shift to the constant voltage control

limiting the bus voltage within its acceptable range.
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Fig. 3. 20: Simulation Result of Wind Generation Components; (a) Wind Speed, (b) Converter
Output Current, (c) Converter Output Power, (d) Input to Boost Converter Voltage, (e) Wind
MPPT Reference Voltage

Case 2: Grid Connected Mode

In this case, the DC bus voltage is operated in the range between 650 V- 665 V, as shown in
Fig. 3.18 from the 20 - 40-sec duration. Similarly, as shown in Fig. 3.19 (a) and 3.20 (a), PV
and wind turbines operate with 1000 (W/m”2) insolation and 12 (m/s) wind speed respectively

and work in MPPT control mode.
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Fig. 3. 21: G-VSC Output Parameters; (a) Current, (b) Power (watt), (c) DC Voltage

During this period, the power demand is increased to 23 kW, as shown in Fig. 3.22 (b) & 3.23
(b). In this scenario, DGs are also operating at their maximum PowerPoint. However, in this
duration, the total DGs generation power is 18 KW (11 kW from solar and 7 kW from wind), as
can be observed from Fig. 3.19 (b) & 3.20 (b). Thus to compensate the deficit G-VSC is
connected to supply 5 kW power as illustrated in Fig. 3.21 (b). As a result, G-VSC is regulating

the bus by delivering the deficient power for the load and increase reliability.
Case 3: Battery Energy Storage Mode

During the period t = 40.01 — 50 sec, the G-VSC is disconnected, and the power generation
from DG also decreased from 18 kW to 8 kW. At this time, the load power is 10 kW, as
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depicted in Fig. 3.23 (b) that is greater than the generation capacity. In this scenario, since
generation decreased, the DC bus voltage also reduced. Thus, the BESS has changed operation
to the discharging mode to full-fill the power mismatch. Accordingly, the BESS discharging 2
kW, as depicted in Fig. 3.22 (b) power to maintain the power balances on the DC bus and bus

voltage is operating in the range of 620 <V}, < 634 V.

Table 3. 4. System Parameter

Source units Parameters Values Units
Wind Power rated 7 kW
Sw. frequency 5 kHz
Rectified DC voltage 400 \/
Solar Power rated 12 kw
Sw. frequency 5 kHz
PV Module Voltage 300 \/
G-VSC Power rated 5 kW
Sw. frequency 5 kHz
Rectified DC voltage 650 \/
BESS Battery Voltage 240 \/
Sw. frequency 5 kHz
Power rated 5 kW
Load Power 2.24 ~18 KW

The battery current is positive when discharging and negative when charging. Depending on
the SoC information, the battery converter monitors the discharge and charge status of the
battery system and adjusts the current limits accordingly. The bus voltage control sets the static

mode according to a predefined algorithm for optimal energy consumption.
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Fig. 3. 22: Battery Real-Time Simulation Results; (a) Current, (b) Power, (c) Voltage, (d) SoC

In DCUG, the constant power load commonly controlled through the point of capacity (POL)
DC/DC converter or inverter. Besides, the converter controller bandwidth should be
sufficiently high to make the load power autonomous from the fluctuation of bus voltage.
Hence, in the proposed DCUG, the average current mode with a dual Pl controller is employed
for load converter control to generate a PWM signal for the switching device. The output
voltage sensed and compared with the desired voltage. If the error signal is zero, the load
voltage accurately follows the desired voltage regardless of the change in input voltage
disturbance. Thus, the intended objective is to obtain a constant load voltage irrespective of the
input voltage variation. The desired output load voltage is achieved by tuning the voltage
controller of POL converters and setting the duty cycle to keep the output voltage constant

while the input voltage varies.
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The real-time simulation results, as shown in Fig. 3.23 validates the correctness proposed

control. In Fig. 3.23 (a) & 3.21(c), despite variation in output load current and input DC

voltage, the load output voltage kept constant, as depicted in Fig. 3.23 (e).
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Fig. 3. 23: CPL Real-Time Simulation Results; (a) Output Current, (b) Output Power, (c) Input
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3.9. Summary

DCuG with multiple renewable energy sources and energy storage systems is presented in this
chapter using the decentralized control structure. The control solution entirely based on the
independent control operation of source converter's (as described in chapter two). The bus
voltage level used as a communications link to enables various operating modes depending on
the generating source capacities. Due to the generation output and sudden load changing
impacts, three ways of operations implemented in this chapter to sustain the system reliability
and flexible services. The operating mode characteristics of the proposed system are described
based on the bus voltage signal that allows smooth mode transitions and reliable load sharing.
The proposed DCuG model is developed in Matlab/Simulink SimPowerSystems and verified
with real-time simulation using OPAL-RT with small modifications. Thus, the work reported in

this chapter confirms the usefulness of the suggested DCuG control method.
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CHAPTER 4: STABILITY ANALYSIS OF DC MICROGRIDS WITH

CONSTANT POWER LOADS

In a microgrid, stability defined as the capability of maintaining power supply for the load
demand without undesirable changing aspects of power flow and voltage. The DCUG stability
issues are directly interrelated with the energy conversion system through the interfacing power
converters. The DCUG has typical interconnected distributed power topologies in which the
power converter interconnect between the portions of the policy with various voltages levels.
The instability in the system occurs due to the tightly controlled load side converters that act as
constant power loads (CPLs). The load side CPL converter small-signal model contains
negative input resistance. This negative incremental impedance causes the system poorly
damped and can cause unstable poles in the frequency domain and worsen system stability
[80]. The factors which challenge the DCuG power management system and DC bus voltage
stability are the DGs output power fluctuation and continually changes of load power. Thus, the
dynamic security of DCuG requires managing the power balance of the different components
of the DCuG system. Since the generation and demand power mismatches typically result in
DC bus voltage instability [147], [148], and [75].

The DCuG stability can be analyzed broadly with two scales, namely: large and small-signal
stability study. The large-signal stability deals with the security of a system that can sustain
more significant deviation due to large step changes and faults and have various operating settle
point [149]. The large-signal stability analysis does not require linearization of mathematical
models, and only non-linear numerical analysis implemented. A Lyapunov-based approach is
the most commonly used for large-signal stability analysis [149]. The merit of this method is
that it enables the region of attraction estimation for a stable operating point and provides an

approximate disturbance size that tolerated.

The small-signal stability issue is related to the deviation of small-signal that can be caused by
small local perturbations, controller response mismatches, and system damping. The source
controller systems interaction could cause local fluctuations; as a result, it needs to analyze the
influence of the deviation in the system. The study of small-signal stability depends on
linearizing the non-linear mathematical model at the equilibrium point. The linear stability
analysis methods, such as the Nyquist stability criterion, eigenvalue, and sensitivity analysis,

use the linearized model for small-signal stability analysis [80].
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The stability concerns addressed to enhance the performance of DCUG, particularly DCuG
operating with different voltage ranges. Moreover, proper DC bus voltage control strategies
play a vital role in the system with various operating voltage levels to ensure good power
quality and stable operation of the DCUG [51]. Different techniques reported in the literature to
solve stability problems caused by non-linear CPL. An admittance/impedance-based design is
proposed in [78]. In [145], stability analysis based on small-signal and attenuation
amplification using frequency-dependent virtual impedance for DCuG with the presence of
CPL proposed. Similarly, in [80], stability improvement using virtual impedance was proposed.
In [150], passive damping composed of series resistor-capacitor (RC) that are in parallel with
the DC-link capacitance investigated to alleviate the interactions of CPL's negative resistance
with input filter. The DCUG stability analyzed with linear based on small-signal analysis and
non-linear based on large-signal analysis [80], [145]. The intermittent characteristics of DGs
and the negative input resistance behaviour of CPLs in DCuG with multiple sources are non-
linear systems operating with different voltage levels. In this study, passive input filter damping
and Nyquist stability analysis used to solve the stability problems. The dynamic filter
interaction with the load converter dynamics also eliminated with an optimum damping resistor

design.
4.1. Characteristics of CPL Connected to DC Bus

The RES based DCuG commonly comprises multiple cascaded parallel connected sources
converters to ensure the reliability and flexibility of power supply [151]. Thus it referred to asa
multi-converter DC distributed power system [151], [152]. In a converter dominated DC
distributed power system, cascading of the interface converter enables to achieve the desired
load converter regulation. However, because of the tightly controlled load converter, it acts as a
CPL that cause stability problem in the system due to the incremental negative resistance in the

small-signal model.

The simple equivalent DC transmission line circuit, as shown in Fig. 4.1. The source converter
output voltage is denoted by Vg, and this voltage supply the load via series inductance, the

resistance of DC transmission line and DC bus capacitance C with a non-linear load that
P

represents as a current source that can be described by , Where Vi, represent the DC bus

Vbus

voltage across the capacitor.
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At a given operating point, the product of load current and voltage remains constant. The

presence of CPL in the system resulted in the occurrence of a nonlinearity term VL [75]. The
bus

current-voltage characteristic curve of the CPL depicted in Fig.4.2.
P

I_

Vbus

(4.1)

O ot . (Dg

Fig. 4. 1: Simplified DC Microgrid Source Circuit

The derivation of equation (4.1) concerning vy, gives the equivalent negative resistance with

the given operating point that can be expressed by:

o1 o B B 1 (42)

a\/buS V]23u5 RCPL

From (4.2) it can be realized that R¢p;, is depending on the actual bus current and voltage.

I 4

P = VI = const.

Wl
i RCPL

Vo
Fig. 4. 2: CPL I — V Characteristic Curve

4.2. Causes of DC Microgrid Instability

The DCuG control system can choose the various operating modes based on the real condition.
In the case of the DG system, the renewable DG sources generate output power with
uncertainties due to the change in input environmental conditions. As a result, the DG system
operates at either voltage source with droop controlled or MPPT controlled mode to regulate
the stability of DC bus voltage [73], [112]. Likewise, the BESS also operate in charging mode

(actas CPL) and shift to work with droop control in discharging method and hence regulate bus
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voltage in islanded manner. A DCuUG realized as a group of converters providing power from
generating sources into the universal bus, and another cluster of converters is transmitting the
energy from the main bus into load subsystems. In this view, since the POL converters adjust
the output voltage with higher bandwidth, the dynamics of these converters could be modeled
by CPL, whose small-signal analysis contains negative resistance that leads the microgrid
stability problem [153], [154].

In actual practice, the load interfacing converter injects a pulsating current into the power stage.
This current contains a high order harmonics at multiples of the switching frequency (fsy ), and
this can cause the current spikes due to switching transitions. Moreover, the input source

voltage transient also cause conducted audio susceptibilities [155],[156].
4.3. Dynamics of POL Converter

In practice, no ideal voltage controller exists. The addition of the input filter at the supply side
destabilizes the control feedback system due to the interaction with filter dynamics. Thus, the
closed-loop input impedance exact analysis for the load converter is required to examine and
quantify the communication between the supply-side and the load subsystem. The POL
converter closed-loop input impedance derived from the configuration of load, loop gain, and
converter filter of the system control scheme. The input impedance comprises two portions.
These are one that dominates the high-frequency part and the other that dominate the low-
frequency region. These two regions bind together with loop gain by defining the phase and
magnitude responses of the two. The open-loop impedances (4.3) represent the high-frequency
portion where the negative resistance (4.4) part corresponds to the low-frequency portion. The
impedances expressions described in (4.3) [157].

R (1+sC+s2LC)
D2 (1+sRC)
R

Zn(s) = Y (4.4)

Zp(s) = (4.3)

Where C, L, R, and D are capacitance, inductance, resistance, and duty cycle of the POL
converter, respectively. The loop gain calculated by multiplying the feedback path and the
transfer functions represented in a forward way. It is derived from the regulated load converter

and mathematically expressed as
T(s) = H(8)Gcy(8)Gya(s) (4.5)

88



Where H(s) is feedback gain; G.,(s) voltage compensator; and G,4(s) the power plant transfer
function. The closed-loop input impedance can be derived from (4.3), (4.4) and (4.5) and
described by

1 1 T(s) 1 1
Zin(s)  Zn(S)14T(s) = Zp(s) 1+T(s)

(4.6)

At low frequencies, the magnitude of the loop gain is high where the input impedance follows
the impedance Zy(s). However, the loop-gain decreased at high frequencies where the

impedance Zp(s) is high.

The stability characteristics of the system interaction investigated by observing the interaction
of load converter closed-loop input impedance and the supply output filter impedance. The load
converter essentially has independent linearized inputs such as load current 1,,,4, Supply-side
voltage ¥ and control input ¥..¢. In the open-loop system, the change in output load voltage
derived from the linear combination of those inputs. However, with the closed-loop control
system, the control inputs become changing with the system calculated by the controller or

compensator from the voltage error.

The variation of output load voltage can be expressed by [157]

8 1 T(s) ~ Gvg (s) A Zout(s)

Vload = Vref@ 1+T(S) DC 1+T(S) n lload 1+T(S) (47)
DC bus
'
'
+ Input : POL | +
Vs filter E converter Vioad
' _

(]
(]
(]
(]
(]
(]
(]
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(]

-3 Lop
Z4(s) Zin(s)
Fig. 4. 3: Load and Source Thevenin Equivalent Circuit Model
The expression in (4.7) -experiences certain modifications when the input voltage ¥pc is
provided via the input filter. The transmission line characteristics analyzed with the Thevenin

equivalent circuit illustrated in Fig. 4.3. With this view, the relationship between ¥4 and ¥pc

can be established by employing a voltage divider rule in Fig. 4.3.

~ Zin(s) A 1 . 1 ~

Vpe = Ve = V. = \Y 4.8

D = Zot s B 5 T Wiy (48)
1n
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The stability of the system quantified from the relation ZZS—((SS)) or the minor loop gain of the

system that can be described by [156], [158]

Zs(s) _ Zs(s) _T(s) Zs(s) 1 (4.9)

Ture(s) = Zin(s)  Zn(S)14T(s) Zp(s) 1+T(s)

4.4. Input Filter for Stability Improvement

The input filter is applied between power sources and load converters to attenuate disturbances
due to switching devices and also limit the conducted electromagnetic interference (EMI). The
input filter is required to avoid the ripple currents of the converter switching from being
reflected in the source. Also, it prevents the propagation of input voltage disturbances to the
load converter [156] [159].

But when a well-designed input filter added at the input of the POL converter, it degrades the
converter internal control system. The high peak magnitude of the filter impedance at resonant
frequency interacts with the converter control system. Consequently, this results in degradation
of the converter open-loop control due to the negative input resistance of the converter
interaction with the filter dynamics [157], [160]. The interface between the load converter and
input filter output impedance investigated through the open-loop transfer function of the POL

converter [161].

Two steps realize the load converter system design. Firstly the converter parameter is designed
as per the performance requirement. Secondly, a low-pass input filter that contributes
satisfactory attenuation to improve disturbance added to the input POL converter. However, the
addition of an input filter degrades dynamic converter performance on the converter control
system. Also, it has an impact on the POL converter control to output, line to control, and

output impedance transfer functions [157].
1) Effect of Input Filter on Converter Control System

To examine how the input filter alters the dynamic converter performance, buck converter

topology, including input filter components and resistive load portrayed in Fig. 4.4.
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Fig. 4. 4: Load Buck Converter with Damped Input-Filter Circuit Diagram

With the continuous conduction mode operation, the POL converter designed, and voltage
mode control employed for the feedback control scheme. The open-loop converter output
voltage to duty cycle transfer function is derived using the averaged model of the buck

converter and is given by:

Av a,s?+a;s+ag
Gya(s) = ==V;
va(s) Ad ~ 'IMp,st4b,s3+b,s2+b s+b,

(4.10)
Where the numerator and denominator coefficients described in the following:
ag =1,a; = —D?L¢/Ry, a, = LC¢
by = 1,b; = (L + D?L¢)/R, by = LgC¢+ LC + D2L¢C, by = L¢C;C/R, b, = L¢C¢LC

Note that with the addition of this input filter results in additional resonance mode at the input
filters resonant frequency. In the (4.10), the system consists of extra right-half plane zeroes and
complex poles due to the interaction with filter dynamics. As a result, this introduces —360° of

phase shift.
4.5.  Damping of Input Filter

The stability problem those as mentioned above solved by employing the input filter is damped
by connecting the damping resistor in series with a blocking capacitor across the filter
capacitor. The circuit topology, which is one of the practical methods of input filter damping, is
illustrated in Fig. 4.5.
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Fig. 4. 5: Input Passive Damping Equivalent Circuit

The damping resistor (Rq4) in series with the DC blocking capacitor (C4) added to reduce the
peak impedance (see Fig. 4.6) at the filter cut-off frequency. The capacitor used to block the
current flowing through the damping resistor and prevent power dissipation in the damping
resistor. The blocking capacitor should be more significant than the filter capacitor so as not to
affect the cut-off point of the primary filter. However, if the bandwidth of the POL converter
feedback control is close to or higher than input filter resonant frequency, then the phase
margin of the control loop becomes negative, resulting in an unstable system. The optimum
passive damping of input filter design, which compromises the stability problem, is added to
the filter circuit [157].
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Fig. 4. 6: Magnitude of Input Filter Output Impedance

The optimum value of damping resistance (R4) obtained at the minimum value of filter output
impedance (Z,). The combination of the damped input filter with the negative converter input
resistance gives positive total resistance. The amount of this damping resistance approximated
using the filter peak output impedance as given in (4.11) [155]:

J2(2
|Zo|max =R, e (4-11)

n

Where R, = \/]C“:f The optimum value of R4 can be estimated by the following expression:
f

. [+m)(a+3n)
Rg4(optimum) = R, ﬁ (4.12)
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Where n = i—d , Cq represent the blocking capacitor.
f

4.6. Stability Analysis Using Nyquist Stability Criteria

The control to output open-loop transfer function (G,4(s)) of POL converter with damped

input filter expressed as [155]:

s3az+s?a,+sa;+1
Ssb5+s4b4+53b3+52b2+Sb1+b0

GVd (S) = Vg (413)

Where the numerator and denominator coefficients expressed in the following:

dg = 1, d; = l’leRd — DZLf/R

nD’L
—), a3 = nLiC°Ry

dy, = Lfo(]. +n—
bo = 1, b1 _— anRd + (L + DZLf)/R
bZ * C(Dsz + L) + Lfo + IlLfo r anRd(L + DZLf)R

- L¢C¢L(1+n)

bs =

+ anRd(Lfo + LC + DZLfC)
b, = LiCLC(1 + n) + nLLR4C#/R
b5 = anCfZLCRd

The input filter introduces complex zeroes on the right half-plane leading the system to
unstable. Thus, the Routh-Hurwitz criteria used to find the stability conditions that make the
system stable from the closed-loop characteristic equation of (1 + Gyq(s)). Accordingly, from
the characteristic equation, the following two conditions derived to determine at which the real

signs of zero and poles are negative.

nLsD?Ryq

LeCe(1 +n) — >0 (4.14)

2 2 2122
D“L¢Cs (1+n) n“D“C¢ Rdz >0 (415)

= anCf(D4Lf - l’le)Rd s R

With designed values of R4 and C4 where C4 = nC;, the stability of the closed-loop is analyzed
using the open-loop transfer function G,q4(s). The filter inductance is designed based on the
switching frequency of the converter. In this case, 5kHz switching frequency used. The filter
cut-off frequency taken to be a decade below (= 240Hz) than voltage control cut-off frequency

of regulator and the filter inductance can be estimated by [162]:

93



1
2
wgCr

Lf=

(4.16)

Where w¢¢ is the input filter cut-off frequency, (w. = 1600rad /sec)

Stability of the closed-loop of POL converter investigated from the open-loop transfer function,
Gyq(s). With the inclusion of well-designed input filter with optimum damping parameters the
source output impedance (Z,) will become sufficiently smaller than the load converter input
impedance. Accordingly, this makes the effect of the input filter on the closed-loop control
system becomes negligible, and the converter control works properly with better performance.
With a well-damped input filter, the control system performance of the load converter cannot
be affected [155].

4.7. Result Discussion

The stability of the system analyzed under source and load variations. Four types of sources are
employed to form a DCuG in this study. Wind and solar PV sources categorized as DG
sources, and they are connected in parallel and interfaced with the primary DC grid through a
boost DC-DC converter. BESS is connected to the DC bus via bidirectional buck/boost DC-DC
converter, whereas the AC grid coupled through G-VSC to the point of standard coupling
(PCC).

AC grid VSC
n N
PMSG |
ny “ul = 4 Iy L¢
= = 1 —wW—rrm
: T I
Wind turbine Bridge Rectifier C<' : el B o
nY ey : =
PV = g L ——EVch — Load
Arrays = B _
Boost b 4
S Z- 3 Buck POL
Battery - (= S in
module —_r
Buck/Boost
bidirectional

Fig. 4. 7: Equivalent Circuit of Proposed DCuG

A single equivalent circuit represents the proposed DCuG with the transmission line placed
between the loads and the sources, as shown in Fig. 4.7. The system stability examined by
observing the load input impedance and source output impedance at the DC bus interface

depicted in Fig. 4.7. The converter control loop stability investigated using Nyquist stability
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criteria. The frequency responses of the impedances obtained from the small-signal analysis at
the DC bus interface point. The dynamic study of load converter control to output transfer
function with a damped input filter investigated to mitigate the instability problems with filter
dynamics. Fig. 4.8 shows the frequency bode-plot of the open-loop transfer function G,4(s) of
the POL converter without and with input filter. The result, as shown in Fig.4.8 simulated using
the filter and POL converter parameters Lg= 300puH, C;= 480uF, L= 100pH,C =
170uF,D = 0.48,n = 4,R4 = 0.84,C4 = 1.92mF and R = 21.6Q. The green line shows
magnitude and phase response of the undamped input filter while the blue is without the

addition of the input filter.
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Fig. 4. 8: Bode Plot of Control to Output (Gvd(s)) Without and With Undamped Input Filter

Without the inclusion of the input filter, the POL converter open-loop control to output voltage
transfer function does not have zeros in the right-half plane (see Fig. 4.9), and it regarded as a
minimum phase-type. However, with the inclusion of the input filter, a sophisticated conjugate
pair of zeroes in the right-half s-plane is introduced, as depicted in Fig. 4.10. Hence, this shows
lightly damped, or undamped input filter applied at the input terminal of the POL converter

causes instability on the converter control system.

Nyquist Diagram
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Fig. 4. 9: Nyquist Plot of Control to Output (Gvd(s)) without Input Filter
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Fig. 4. 10: Nyquist Plot of Control to Output (Gvd(s)) with Undamped Input Filter
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Fig. 4. 11: Bode Plot of G,4(s) Buck DC/ DC Load Converters with and without a Damped
input filter

Fig. 4.11 shows the Bode diagram of the converter transfer function without an input filter and
with a damped input filter. Initially, the Buck DC/DC converter control for the output transfer
function is stable when no input filter added. However, with the addition of a damped input
filter, the system is stable. After attenuating the input filter, the result of control to output

transfer function is roughly equivalent to that without an input filter, as shown in Fig. 4.12.
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Fig. 4. 12: Nyquist Plot of G 4(s) Buck DC/DC POL Converter with Damped Input Filter
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The instability problem analyzed with the converter control to output voltage transfer functions,
and using the Routh-Hurwitz criteria, the stability condition is determined. With optimum
damping resistor designed value addition, the system made stable, and using the Nyquist
stability criteria, the stability condition is verified. The Nyquist diagram without and with a
damped input filter illustrated in Fig. 4.9, and Fig. 4.12, respectively, showing both plots, the

results are similar. Thus, this verifies the system is stable.

The impedances bode-plot at the point of standard coupling achieved using the average system
model small-signal analysis at 18 kW operating point, as portrayed in Fig. 4.13. The result
shows the load input impedance reflects the CPL characteristics at lower frequency (£Z; =
—1809). The system stability examined by observing the load input impedance (Z,) and source
output impedance (Z;) at DC bus connection. The system is stable since the magnitude of Z;

greater than Z with an appropriate margin, as depicted in Fig. 4.13.
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Fig. 4. 13: Converter Input and Source Output Impedance

4.8. Summary

DC pG with multiple sources under various operating bus voltage and CPL is explored in this
chapter. The stability problems due to the source and load converter impedance mismatches as
well as due to the uncertainties of DGs operation analyzed and method of improvement is
proposed. The input filter is employed to mitigate disturbances due to switching devices and
avoid electromagnetic interferences. The optimum damping resistance value of the input filter

is designed to eliminate instability problems on the POL converter feedback control loop due to
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the filter dynamic interactions with sources. The stability condition is verified by using the

Nyquist stability criterion.
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CHAPTER 5: CONCLUSION AND FUTURE RESEARCH
WORK

5.1. Conclusion

Microgrids are an important model for integrating different ESSes and DGs power sources.
Initially, the concept of the microgrid is realized as a group of source converters supplying
power to the common bus and another group of converters transporting power from the
common bus to the load. This made the microgrid appropriate for power generation and fair

utilization of small-scale DERs.

In this thesis, multiple source DC microgrids with single bus topology and constant power load
is investigated. The sources are controlled autonomously and connected in parallel to the
common DC grid through power electronic converters for integrated operations. Combining
the DERs to the main DC grid through interfacing power electronic converter provides
flexibility in power level and energy conversion system. The DC microgrid operation is
performed both in grid-connected and islanded modes with the decentralized scheme under
droop control. The droop control is applied to allow the power-sharing to the load and to
eliminate the circulating current among the sources. The proposed DC microgrid is
implemented in three different operating modes based on the energy dominating source.
Namely: DG, G-VSC and BESS modes. The proposed DCuG topology with all its components
supported with relevant mathematical analysis and independently controlled. The
corresponding design is simulated in Matlab/Simulink and -the effectiveness of the

decentralized droop control scheme at DCUG is checked with CPL.

This thesis work begins with the literature surveys on the DC microgrid developments,
application, control techniques, power management techniques and stability. There is three
main control scheme of DCuG have been described. Those control systems are centralized,
distributed and decentralized. Reviews on these control strategies, stability improvements and
coordinated operation of DCUG were investigated. From the literature survey analysis, the

research problems, objectives of the research and proposed solutions are presented in chapter 1.

The contributions of the research work have been summarized at the end of each chapter. In

addition, the main conclusions of this thesis work are précised in the following.
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Modeling and autonomous control of each DC power source unit have been implemented
based on the local control functions such as current, voltage, DGs maximum power control
and droop control through the power electronic converters that connect the source units to
the common DC grid. The power electronic interface converters employed to maintain the
power flow and terminal voltage that facilitate the reliable and efficient operation of the
integrated system. Step input source disturbances are applied to the source units. The
average current mode controllers are used in all of the modules due to the control scheme
presents zero steady-state error.

In G-VSC the grid phase angle and frequency are regulated by employing advanced lead
compensator to compensate for the double frequency content in three-phase supply. The
synchronous rotating reference frame transformation also implemented to generate the qd-
axis parameters which in turn used for the control of active and reactive power through the
inner current controller. The DC voltage control is implemented with the proportional-
integral controller via the outer control loop. The high switching harmonic frequency due to
converter switching operation is mitigated by employing the LCL filter on the grid-side of
the VVSC.

For wind and solar power generation units, MPPT control and voltage mode droop control
is implemented to regulate the intermittent power output of wind and solar power
generations. At rated conditions, the desired rated value is achieved. However, due to the
decrease in input conditions for renewable energy sources, the generation output power also
decreased and hence the DGs interfacing converter terminals voltage also decreased. The
MPPT control tracks the desired reference voltage to match with the output PV module
voltage and rectified DC voltage of the wind turbine with the change in solar radiation and
the wind speed, respectively.

The decentralized control method is proposed for the hybrid source DC microgrid units in
order to coordinate the integrated operations and to facilitate suitable load sharing through
droop control. The control strategy is implemented using the bus voltage levels as a
communication link that enables various operating modes depending on the generating
source input conditions. Because of the generation output and sudden load changing
impacts, three modes of operations are implemented to sustain the system reliability and
flexible operations of the DC microgrid. The proposed DCUG model is developed in
Matlab/Simulink SimPowerSystems and verified with real-time simulation using RT-LAB
in the OPAL-RT simulator.
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5.2.

The input filter is employed at the input of load converters to mitigate disturbances due to
switching devices and limit the electromagnetic interferences. This filter flattens the input
current from the supply-side and mitigates the high-frequency changes at the input
terminals of the POL converter. In the filter, the resistor in series with the capacitor is
connected across the filter capacitor. The damping resistor is used to damp out the peak
impedance at the resonant frequency while the blocking capacitor is employed to avoid the
power dissipation across the damping resistance. The optimum value of the damping
resistance is designed to eliminate the instability problems on the POL converter feedback
control loop due to the dynamic filter interactions with sources. The stability condition is
verified by using the Nyquist stability criterion using MATLAB/SIMULINK.

The passive damping input filter used to decouple the load converter and supply system
small-signal dynamic interaction. The impedance mismatch of the subsystems is
compensated by a suitable selection of the damping resistor. It is demonstrated that source

the output impedance is much lower than the input impedance of the load.

The Future Work

In the modern distribution network, the renewable energy sources penetration and consumers

regulated by power electronics is increasing. DC microgrids are suitable for the integration of

sustainable energy sources and modern DC electronic loads such as solar PV, ESS, and fuel

cells in an efficient way. However, still, further research investigation of DC microgrid

required in the following areas.

A decentralized control scheme that supports plug-and-play operation, and that does not
affect the system stability of the multiple source DC microgrid topologies with constant
power load requires further investigation.

The harmonized integration of the multiple sources of the DC microgrid with all protection

systems is another foreseen research problem.
Analysis of DC microgrid under grid disturbance or fault condition and distortion
Experimental hardware implementation of the integrated multiple sources operations of the

DC microgrid.
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APPENDIX A
A.1. Matlab/Simulink

The DC microgrid simulation performed using MATLAB/SIMULINK. Matlab is a software
package used to perform analysis and solve mathematical and engineering problems whereas,
Simulink is a graphical extension to MATLAB for modeling and simulation of systems. In
Simulink, orders drawn on the screen as block diagrams using blocks and lines. Blocks used to
generate, modify, combine, output, and display signals. Wires used to transfer messages from
one neighborhood to another. The DC microgrid components like sources, interfacing
converter, BESS, and loads built using Simulink block and lines in MATLAB.
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Fig. A. 1: Proposed DC Microgrid Matlab/Simulink

A.2. Real-Time Simulation of DC Microgrid Matlab/Simulink Models Using
OPAL-RT

Controller-in-the-loop simulation (CIL) is a technique used to develop and test control and
protection systems. The aim is to check and certify the functionality, performance, quality, and

safety of the control software.

In simulating DC microgrid Matlab/Simulink models with OPAL-RT, the following two main
step processes are involved. The DC Microgrid models need to be designed accurately in
Matlab/Simulink software, and the modeled DC microgrid categorized into the following three

subsystems.

1) SM_Master subsystem

2) SS_Slave subsystem
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3) SC_Console subsystem
SM_Master subsystem and SS_Slave subsystem have the computational elements of the
Microgrid model, whereas the SC_Console subsystem has the user interface blocks like scopes
and output displays etc. Users can analyze the real-time behavior of the system using the

SC_Console subsystem. Each subsystem runs in each different core of the simulator.

All inputs signals to the subsystem first must go through the Opcomm block that saves the
communication information set-up. The designed DC microgrid model has run with 20usec
fixed step time to run the model in real-time by choosing a fixed step size according to model

requirement and hardware capability.

Then RT-Lab software is used to convert the Simulink model into C-code and to load each
subsystem into each core of the simulator. Finally, the microgrid model should be executed in
RT-lab to analyze the real-time behavior of the system. While the model is running in real-
time, the transients can be analyzed using the user interface window. All the outputs can be

visualized in real-time to estimate the behavior of the system under different conditions.
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Fig. A. 2: Real-Time Simulation Set up Using OPAL-RT Simulator
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